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THE ENERGIES OF MULTIPLE X-RAY IONIZATION 
OF LIGHT ATOMS 


By Louis A. TURNER* 
ABSTRACT 


The assumption is made that the removal of a K electron has the same effect 
on the energies of the outer electrons of the atom as the increase of the nuclear 
charge by one unit. The energy for the successive removal of a K electron and 
an L electron is computed for elements Na to K on this basis. By means of 
Wentzel’s theory and Hjalmar’s measurements of the K spark lines az, a4, as, as, 
other multiple ionization levels are computed for the elements Na to S. The 
square roots of the energies (./y/R) for the successive removal of the first, 
second, and third L electrons plotted against atomic numbers give three parallel 
straight lines indicating that the removal of the first L electron reduces the 
screening constant (7.27) for the remaining ones by 0.62, and that the removal 
of the second one causes a further reduction of 0.65. Similar lines are obtained 
for the two K electrons, the screening constant (1.5) being reduced 0.16 by the 
removal of the first one. The energies for the successive removal of two elec- 
trons from a helium-like ion made up of a nucleus of charge Z and two electrons 
are computed for these atoms. The plot indicates that the experimental value 
of the K absorption limit of phosphorus is in error. 


EVERAL experimenters have found weak lines accompanying the K 

emission lines of some of the light elements, which do not correspond to 
transitions between levels of the ordinary scheme of x-ray levels. They are 
all of shorter wave-length than the strong lines which they accompany. 
Wentzel' has advanced the theory that these lines are emitted by multiply 
ionized atoms, and are thus analogous to the spark lines of optical spectra. 
Adopting Wentzel’s notation, K? L‘ will be used to indicate the term value 
equivalent to the energy of an atom which has had ? electrons removed 
from the K shell and g electrons removed from the L shell. The following 
equations indicate the transitions which are thought to give rise to the 
different observed lines, the wave-number of the line being equal to the 
difference between the wave-numbers of the terms corresponding to the 


* National Research Fellow. 
1G. Wentzel. Ann. der Phys. 66, 437 (1921); 73 647 (1924). 
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two states involved. They are arranged in the order of increasing wave- 


number. 
a,=K-—L (the ordinary Ka doublet, unresolved) 


a;=KL—-L’ 
az=K?—KL 
a;=KL*?-—L? 
a,= K*L—KL? 
Of great importance is the fact that the difference between ac and a, for 


one element is equal to the difference between a; and a; for the element 
of next higher atomic number. That is, 


(ag = a4)z = (as— a1) 741 


Substitution of the term values given by Eqs. (1) gives 


(K°L — K?)z—(KL?— KL)z =(KL—K)241—(L?—L) 241 (2) 


Each of these expressions in parentheses is the energy for the removal of 
one L electron from an atom, those on the left being for atoms of atomic 
number Z which have already had two K electrons or one K and one L 
electron removed, respectively, and those on the right for atoms of 
atomic number Z+1 which have already had one K electron or one L 
electron removed, respectively. The equation indicates that the absence 
of a K electron in the atoms of atomic number Z is equivalent to the 
increase of the nuclear charge by one unit, or, in other words, that the 
screening effect of a K electron is unity and the energy of the L electrons 
is determined by the difference between the nuclear charge (in electron 
units) and the number of K electrons surrounding the nucleus. This 
explanation was given by Wentzel.’ All of these spark lines result from 
the jump of one electron from an L orbit (K state of the atom) to a K 
orbit (L state of the atom), as does the Ka line. The electron orbits 
involved are, therefore, presumably of the same type as those which 
give as end states of the Ka transition the Lx: and Lz states of the rela- 
tivity doublet, which for the atoms of low atomic number are too close 
together to be separated. These are the orbits which are now thought to 
be analogous to the p; and /» orbits of optical doublet spectra. For the 
total quantum number 2 of the L orbits, they are 2) orbits which are 
approximately circular and do not penetrate within the orbits of the K 
electrons, hence the perfect screening by the K electrons would be ex- 
pected. One might expect small differences between an atom with a K 
electron removed and one with a nuclear charge greater by one because 
the two would not be exactly equivalent for electrons whose orbits pene- 
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trate within the K orbits; the mutual screening of the L orbits would be 
slightly different, and the energy of a non-penetrating orbit slightly 
different. . Wentzel’s explanation amounts to assuming that because 
Eq. (2) is true, the corresponding terms on the two sides of it are indi- 
vidually equal, i.e., that 
(KL?-KL),—(L?—L)7z,,=0 and (K*L—K?*),—(KL—K)z,,=0 

Eq. (2) would hold if these two differences were both equal to any other 
value. The above considerations show, however, that the assumption 
that they are equal to zero is in agreement with our present ideas con- 
cerning the structure of the atom. Furthermore, if the first of these 
differences were not equal to zero it would be highly improbable that 
the second one should have the same value. The screening effect of the 
second electron, the first one being gone, if not perfect, would probably 
not be exactly equal to that of the first one while both are present. 

Making the assumption that the energy of removal of an L electron 
depends only upon Z—x, where x is the number of K electrons present, 
it is possible to calculate all of these multiple ionization terms from the 
ordinary K and L terms and the az, a4, as and ag lines. The KL term is 
obtained by the addition of the K term for the atom in question and the 
L term of the atom of next higher atomic number, corresponding to the 
successive removal of the K and Lelectrons. A slight error is introduced 
because of the change of the energy and screening effect of the added 
valence electron of the atom of higher atomic number. (KL)z=Kz+Lz4,, 
and then by Eqs. (1), (K)*z =(KL)z+(a4)z, and (L?), =(KL)z—(a3)z. In 
a similar way (KL*)z,=K,+(L?)z,;, and then (K*L)z=(KL?)z+ (ae)z 
and (L*)z=(KL?)z—(as)z. These last three levels can also be computed 
in a different way for by our assumption (K*L).=(K?)z+Lz.2. The 
equation which expresses the fact that these two methods of computing 
these levels give the same results, obtained by equating the two expres- 
sions for (K°L)z, is (K*)z+Lz.2=(KL*)z+(as)z. It reduces to the 
equation (as—a,)z = (a3;—a1)z41 which, as mentioned above, is confirmed 
by experiment. 

The K levels for these elements are given by Fricke’s* measurements 
of the K absorption limits. The L absorption limits have not been 
measured® but can be computed from the differences between the wave- 


*H. Fricke, Phys. Rev. 16, 202 (1920). 

3 My attention has been called to some new measurements of the L absorption limits, 
by an improved electrical method, by Holweck (C. R. 180, 658, 1925). His mean value 
for Al agrees with the one computed below, but his mean values for the elements from 
Si to A are 0.2—0.3 greater than the values computed below. The reason for this dis- 
crepancy is not apparent. 
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numbers of the K limits and of the Ka lines measured by Hjalmar* 
and Siegbahn and Dolejgek.5 If the square roots of these computed L 
levels be plotted as ordinates with atomic numbers as abscissas a straight 
line can be drawn through all of the points except the one for phosphorus. 
The P point also deviates from the similar line for the K levels. If, how- 
ever, the L level for P be computed from the /L line and a correspond- 
ing new K limit computed by adding Ka to it, the point corresponding 
to this new K limit will lie on the 1/K line. This would seem to be good 
evidence that there is an error in the determination of the K absorption 
limit of P. The L limits for Na, Si, and A and the K_ limits 
for Na and Si have been obtained in this way. Table I gives Fricke’s 
measurements of the K limits, the measured Ka lines, the computed K 
and L terms (terms in parentheses having been obtained by interpola- 
tion), and the frequencies of the spark lines (measured by Hjalmar‘*). 
All levels and frequencies are expressed in v/R units. Table II gives the 


TABLE I 








Element K(Fricke) Ka K(calc) Li(calc.) a3 


Na .68 (78.84) (2.16) 77.21 

Mg ‘ : 95.81 3.46 92.99 ; 93.65 93.83 
Al ; ‘ 114.67 5.14 110.26 : 111.05 111.27 
Si ; (135.19) (7.01) 129.02 ; 129.92 130.12 
P . .37° (157.59) (9.22) 149.33 

S ‘ ; 181.81 11.84 171.02 

Cl ‘ ; 207.84 14.70 

A 235.73 (17.95) 

K _. 265.33 21.35 











TABLE II 








' Element K? KL L? 


Na 159.64 82.30 5.09 164.78 

Mg 194 .06 100.95 7.96 201 .06 

Al 232.09 121.68 11.42 241.33 

Si 273.59 144.41 15.39 285.41 

P 318.94 169.43 20.10 333.64 ; 

S 367 .74 196.51 25.49 385 .69 3. 40 .33(?) 











values of the multiple ionization levels computed in the way described 
above. Wentzel stated that Siegbahn had written to him that he had 
found an absorption limit for S of wave-length somewhat less than half 
that of the ordinary K limit. It is presumably the K? limit corresponding 
to the simultaneous removal of the two K electrons. I have been unable 


‘E. Hjalmar, Zeits. f. Phys. 1, 439 (1920). 
5M. Siegbahn and V. Dolejgek, Zeits. f. Phys. 10, 159 (1922). 
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to find any further published account of that experiment so as to compare 
the experimental value of the limit with the one given in Table IT. 


TABLE III 








Element K (K)e L (L)2 


Na 78.84 80.80 2.16 2.93 
Mg 95.81 98.25 3.46 4.50 
Al - 114.67 117.42 5.14 6.28 
Si 135.19 138.40 7.01 8.38 
4 157.59 161.35 9.22 10.88 
S 181.81 185.93 11.84 13.65 











L?’—L=(L)s, the energy necessary for removal of the second L elec- 
tron, and L’—L?=(L)3, the energy necessary for removal of the third 
electron. Similarly, K°—K=(K):2. These values are given in Table III. 
As would be expected, (K)2>K, and (L);>(L)2>L. If the square roots 
of these L values be plotted against atomic numbers three parallel straight 
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lines are obtained as shown in Fig. 1. The S point which does not fall 
on the +/(L)s line was obtained by use of Hjalmar’s measurement of the 
unseparated as and ag lines, which he considered doubtful. The (L)s 
line has an intercept on the Z axis 0.62 less than that of the L line, that 
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being the amount of lessening of the screening constant for the second 
electron by the removal of the first one. Similarly, the removal of the 
second one reduces the screening constant for the third one by 0.65 more. 
Similar parallel straight lines are obtained by plotting values of K and 
(K)2, also shown in Fig. 1. The removal of the first K electron reduces 
the screening constant for the second one by 0.16. 

After the first K electron has been removed, the second one presum- 
ably moves in a circular 1; orbit around the nucleus. If it were the 
only electron present the energy necessary for its removal would be Z?, 
in v/R units (neglecting the relativity correction). The presence of the 
other electrons can have very little effect upon the motion of this electron 
in its orbit, even though some of the outer electrons probably penetrate 
within the orbit of this K electron. The times of penetration are such 
minute fractions of their orbital periods that their effect on the energy of 
the K electron must be negligible. The energy for the removal of the 
electron through a cloud of outer electrons fixed in position would be less, 
however, because of their screening effect and is considerably less in the 
actual case because of the additional effect of the increased binding of 
the outer electrons which furnishes more energy. The calculated values 
of the energies of an electron in a 1; orbit for the different nuclei, making 
the relativity correction, are listed in Table III under K2’. The difference 
between K,’ and (K)2 gives Ee. If, as assumed above, the screening of the 
K electrons is perfect for the outer electrons this decrease in the energy 
necessary to remove the second electron is the same as the decrease in 
the energy necessary to remove the first K electron from the atom of 
next higher atomic number (neglecting the small effect of the added 
valence electron). That is, the sum of the K term for an atom of atomic 
number Z and E; for an atom of atomic number Z—1 will give Ki’, the 
energy which would be necessary to remove the first K electron if there 
were no outer electrons present. The calculated values of E2 and K,’ 
are also listed in Table III. K,’ and K,’ are thus the energies necessary 
for the successive removal of two electrons from an ion made up of a 
nucleus of charge Z and two electrons, and correspond to the first and 
second ionizing potentials of helium. Their values give additional data 
for the testing of theories of the structure of the helium-like ions. There 
does not seem to be any simple relation between K,’ and K,’ for these 
atoms which will also apply to the two successive ionizing potentials of 
He. 

Hjalmar found one additional K spark line, lying between a; and as, 
which he designated a,;’.. Wentzel suggested that it corresponds to the 
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transition KM—LM. Applying the same argument as above, (K .W)z= 
Kz+Maz4: and (LM)z=Lz+(M1)z. (M1z)z, the energy for the re- 
moval of an M electron from an atom which has already had an L 
electron removed, is unknown. The equation (a:’)z=(KM)z—(LM)z 
becomes 


(a:’)z=Kzt+Mz4i1—Lz— (M1)z 


which reduces to 
(a;’—a)z = M 741 =—_ (M1)z . 


The quantity on the left hand side of the equation is positive, so Mz4:> 
(M,)z. This means that the removal of an L electron does not increase 
the energy for the subsequent removal of an M electron as much as the 
removal of a K electron does. That is, the L electron does not screen the 
nucleus perfectly, which is quite what would be expected. This last dis- 
cussion will illustrate the complications which are to be encountered in 
considering the multiple ionization levels corresponding to the L spark 
lines which have been observed. Because of the imperfect screening by 
the L electrons there will be no simple relations between these levels and 
the ordinary single ionization levels, such as we have found for the 
levels discussed above. 


JEFFERSON PHySsICAL LABORATORY, 
HARVARD UNIVERSITY, 
May 11, 1925. 
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RELATIONS OF PP’ GROUPS IN ATOMS OF THE 
SAME ELECTRONIC STRUCTURE 


By I. S. BOWEN AND R. A. MILLIKAN 


ABSTRACT 


Pp’ groups of spectral lines.—(1) For two-valence-electron atoms. A quintu- 
plet of nearly equally spaced lines (really an unresolved sextuplet) has now been 
found for all the two-valence electron spectra which have been studied by the 
method of hot-spark spectroscopy, namely for the series Mgy, Alyy, Sirrz, Prv, 
Sy, Cly1, and for Bez, Byz, C1rz, Nrv and Oy. In both of these series, this 
pp’ group has been definitely shown to arise from an electron jump from the 
lowest p to the lowest s orbit, combined with a simultaneous jump of the other 
electron between the p:, p2, ps3 orbits. The frequency differences between 
groups of successive atoms obey the irregular doublet law, showing that the 
jumps are between levels of the same total quantum number. (2) For three- 
valence-electron atoms. A new quadruplet pp’ group has beén discovered for 
al! the atoms of this type studied, Aly, Sizz, Pitz, Sry, Cly and Cy, Niu, Orv. 
The relative intensity of this group increases with the effective nuclear charge, 
from Aly to Cly. This group is proved to be due to the return of one of the s 
electrons after displacement to a p position combined with the simultaneous 
interchange of the p electron between the f;, p2 orbits. This group also obeys 
the irregular doublet law. These groups are of exceptional theoretical interest 
because their existence proves that the energy changes due to the simultaneous 
jumping of two electrons between orbits, are integrated into monochromatic 
radiation. The mechanism by which such an integration takes place is at pre- 
sent a complete mystery. 

Multiplicity of ionization potentials—The ionization potential must 
depend on the state in which the ionized atom is left after removing an s electron, 
for example, and will differ according as the p electron is left in the p1, p2, ps or 
P orbit. 


1. HistoRICAL INTRODUCTION 


HE so-called pp’ group of spectral lines was noticed and carefully 
compared in the spectra of calcium and strontium by Rydberg! in 
1894, and a corresponding group was first observed in barium in 1914 by 
Popow.” It was only, however, in 1921 that Gétze’ first interpreted these 
groups in Ca, Sr, and Ba as corresponding to electronic jumps into the 
pi.2,3 levels from a group of theretofore unknown triplet levels which he 
designated as p’ levels. This designation was adopted because a study 
of the lines missing out of the possible nine combinations between two 
triplet groups showed that the p’ levels corresponded to the same inner 
1 Rydberg, Wied. Ann. 52, 119 (1894). 


? Popow, Ann. der Phys. 45, 147 (1914). 
* Gétze, Ann. der Phys. 66, 285 (1921). 
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quantum numbers as the p levels, and also because the Zeeman effect 
observed in these lines corresponded to the predictions of Landé’s‘ theory 
for jumps from one # level to another. 

The exceptional interest of these groups from the standpoint of theory 
arises from the discovery that when a series of them possessing ordinary 
spectral series relationships had been found in calcium the term values 
corresponding to the more remote p’ terms of this series were actually 
less than zero. This is shown by the following numerical values of ’ 
terms: 4p’=10800, 5p’=750, 6p’=—5000, 7p’= —8300, and 8)’= 
—10,000. The last two of these were worked out by Russell and Saun- 
ders. This discovery was made independently by Wentzel® and by Saun- 
ders and Russell.’ The negative terms of this series mean that the 
observed frequency corresponding to a jump from 6p’ to 4p, for example, 
is actually larger than that corresponding to a jump from infinity to 4p. 
In other words, the observed emitted energy (frequency) is larger than 
the total energy which the electron has to lose in jumping from infinity 
to the 4p level. This additional energy can then only be obtained from the 
simultaneous jump of some second electron, the total readjustment in energy 
due to the two jumps being just sufficient to produce the observed frequency. 
This suggestion was first made by Bohr.® 

The significance of this discovery does not lie in the demonstration 
that the emitted frequency corresponds to the total change in the energy 
of the atom because of electronic readjustments rather than to the change 
in energy of some particular electron. For it has long been recognized 
that the change in position of one electron must of necessity cause a read- 
justment of the whole electron family within an atom, and also that the 
emitted radiation must therefore be equivalent to the total energy change. 
That it is indeed the total energy change in the atom that determines the 
radiation has been especially clearly demonstrated in the study of band 
spectra. The significance of the foregoing discovery in the pp’ group lies 
rather in the proof for the first time brought to light that two electrons, 
both of which are in unstable quantum states, may simultaneously perform 
two definite quantum jumps and integrate these combined jumps into a 
single monochromatic radiation. 

As to the precise nature of these two jumps this much is definitely 
known. (1) One of the two jumping electrons, henceforth designated 


* Landé, Zeits. f. Phys. 5, 231 (1921). 

5 Russell and Saunders, Astrophys. J., 61, 38 (1925). 

* Wentzel, Phys. Zeits. 24, 106 (1923); 25, 182 (1924). 

7 Saunders and Russell, Phys. Rev. 22, 201 (1923). 

* Bohr, lecture at Géttingen, 1922. See Phys. Zeits. 24, 106, footnote 1. 
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as the first, ends, or comes to rest, in the lowest vacant,? level, i.e. in the 
case of calcium in one of the levels 4p;,2,3; in the cast of magnesium in 
one of the levels 3:23; in the case of beryllium in| one of the levels 
2p1.2,3. This is known because of the 6 lines of the group (these are re- 
duced to 5 in our photographs because with our resolution the two middle 
ones overlap) certain ones show precisely the separation found in the 
normal #; 2,3 levels, and these separations occur in such an order as to 
show that the jump is fo rather than from this group. (2) This same first 
electron jumps from some triplet p level, as is shown by the relation men- 
tioned in the first paragraph. (3) The other of the two jumping elec- 
trons, henceforth designated as the second, ends, or comes to rest, in the 
lowest vacant S level, i.e. 4S in calcium, 3S in magnesium, 2S in beryl- 
lium; for if it did not do so, the normal triplet separation could not appear 
exactly in a pp’ group, since this normal separation is produced only when 
this second electron is in the 4S level. 

The level from which this second electron jumps was thought by Went- 
zel from his study of calcium to be 3d, since he thought that he found 
the difference between 4s and 3d of the spark spectrum of calcium to be 
equal to the amount by which the limit of the p’ terms was different from 
zero. Russell and Saunders® have recently come to the same conclusion. 
Despite the excellent quantitative agreement found by these observers, 
the following experimental study of the pp’ group shows that this choice 
as to the second electron jump cannot be the correct one, for the cases 
here studied, though it may be correct for calcium. 


2. THE IRREGULAR DouBLET LAW AND THE PP’ GROUP 


As is shown in preceding papers, the development of hot-spark spec- 
troscopy has for the first time given us a means of comparing the radiating 
properties of a long series of light atoms of like electronic structure, such 
as is constituted by the series of the seven stripped atoms from sodium 
through chlorine. Letting one electron return to the last six of these 
atoms gives rise to another series of atoms of like electronic structure 
which in a previous paper® we have called a two-valence-electron series. 

Now, previous studies of two-valence-electron systems have revealed 
a characteristic pp’ group in them all. Thus, this group is found in the 
arc spectrum of barium, strontium, calcium, magnesium, and beryllium, 
and in the spark spectrum of aluminum, all of which are two-valence- 
electron systems. We therefore looked for this group in the spectra of the 
aforementioned two-valence-electron series and found it at once in the 


® Bowen and Millikan, Phys. Rev. 25, 591 (May 1925). 
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spectrum of every element of the series Mgy, Alr1, Siri, Piy, Sy, and 
Cly1, as is shown in Table I. 

We then made a similar study of the other two-valence-electron series 
accessible to our spectroscopic region, viz., Be;, Byz, Cri, Niv, Ov, 
and found it in every element of this series also, as shown in Table II. 
How unmistakably this pp’ group stands out on all our plates with its 
5 nearly equally-spaced lines, the middle one being always much stronger 
than the others because it is actually two overlapping lines, may be seen 
from a glance at Plates I and II. 


TABLE I 


pp’ groups in the two-valence-electron systems, Mgx to Clv1 
A(I.A., vac.) v Diff. 
Mgr 2777 .503 36003 . 56 
2779 .084 35983 .08 
2780 .639 35962 .96 
2782 .226 35942 .44 
2783. 35922 .35 


1760. 56814. 
1761. 56755. 
1763. 56690. 
1765. 56631. 
1767. 56569. 


1294. 77248 
1296. 77117. 
1298. 76986. 
1301. 76856. 
1303. 76726. 


1025. 97506. 
1028.1. 97264. 
1030. 97037. 
1033. 96792. 
1035. 96567 . 


849. 117751. 
852. 117345 
854.81 116985 
857 .83 116573. 
860.46 116216. 


724.13 138096. 
727.54 137449. 
730.31 136928. 
733 .89 136260. 
736.76 135729 .4 


Ce 


CREO CWP 


The series of differences between the central member of each group, as 
displayed in column 4, shows how accurately linear is the progression of 
frequency with atomic number in going down either the series from 
Be; to Oy, or that from Mg; to Cly;. This means that these pp’ groups 
follow the irregular doublet law, and this in turn means, as shown in a 
preceding paper® that the jumps involved must take place between levels of 
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the same total quantum number. In the case of the Be; to Oy series the 
jumps in question are definitely limited to jumps between the 2s and 2p 
levels since there are no other levels of total quantum number 2. This 
eliminates the possibility of the jump proposed by Wentzel from a d to 
an s level, and with it the selection principle which he invented to make 
such a jump possible. It eliminates with equal definiteness the theory 
proposed by Landé” that in pp’ groups the second electron always jumps 
between orbits of different total quantum number. In other words, the 
proof is complete and definite that the two electron jumps that combine to 
give off the pp’ radiations are, in the Be; to Oy series, (1) a jump of the 
first electron between two of the three levels designated as 2p, 2p2, and 2p3, 
and (2) a jump of the second electron from one of the 2p levels to the 2s level. 


TABLE II ° 


pp’ groups in the two-valence-electron systems, Ber to Oy 


A(I.A., vac.) v Diff. 
Bey 2651.343 37716.73 
2651.438 37715 .39 
2651.507 37714.40 
2651.585 37713 .29 
2651.652 37712 .34 


1623.66 61589. 
1623 .86 61581.7 
1624.08 61573. 
1624.25 61567. 
1624.46 61558 


1174.96 85109. 
1175.31 85084. 
1175.72 85054. 
1176.03 85031. 
1176.40 85005. 


922.02 108457. 
922.57 108392 
923.18 108321. 
923.68 108262. 
924.31 108188. 


758.76 131794. 
759.52 131662. 
760.50 131492. 
761.21 131369. 
762.18 131202. 


23858 .8 


i) 


23480 .8 


KMAGONO COW 


23267 .2 


23171.2 


DORR OO DANN 


Since the pp’ group has in all two-valence-electron systems essentially 
the same structure, it is a natural inference that it always arises from 
the two jumps just mentioned. If in calcium, for example, the second 
electron jumps from a 3d to a 4s orbit, as Wentzel and also Russell and 
Saunders have suggested, then there is here a violation of the selection 


10 Landé, Zeits. f. Phys. 7, 149 (1924). 
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principle which has been found to hold for all single electron jumps in 
the field both of optics and of x-rays, and which the present experiments 
prove to be valid for two-electron jumps as well, namely, that azimuthal 
quantum numbers can change only by plus or minus one. This is a 
difficult assumption to make, and one that is rendered more difficult by 
the entire absence in calcium of a second pp’ group corresponding to the 
second electron jump from 4p to 4s such as we have proven to exist in 
our whole series of two-valence-electron systems. It is certainly to be 
expected that in calcium too there will be this regular pp’ group in addi- 
tion to the one attributed by Wentzel to the 3d to 4s jump, but no such 
second group is found. 


TABLE III 


Comparison of frequenci’s of pp’ group with (3S—3P) Jump 


3S—3P pp’ 
Mgr 35051. 35962 .96 
Altr 59845. 56690 .9 
Siri 82878. 76986 .4 
Piv 105190. 97037 .1 
Sy 127144. 116985 .6 
Clyr 148949. 136928 .2 


Cay 23652. 23254 .66 
Srr 21698. 20895 .5 
Bar 18060. 10843 .5 


A partial check upon the foregoing conclusion is obtained as follows: 
Since 'the double jump giving rise to this pp’ group always involves the 
jump from a p to an s orbit, and since the second jump which is to be 
added either positively or negatively to this is quite small on account of 
the closeness of the ~: 2,3, levels to one another it is to be expected that 
the pp’ frequency will always be nearly the same as that corresponding to 
the jump from the # to the s level, i.e., nearly the same as the frequency 
of the first term of the principal series. Table III shows that this predic- 
tion is verified as closely as could be expected in view of the fact that the 
jump from the P to the S level will, of course, not involve quite the same 
energy after a nearby electron has shifted its position as before that shift 
has taken place. 

The foregoing conclusion can be verified visually by reference to Plate 
I, for it states simply that the pp’ group will always appear on any spec- 
tral plate close to the first term of the principal series. This is marked 
upon Plate I, by a single vertical line above it. 

In order to permit of a simultaneous two-electron jump of any kind 
it is necessary that both of the two jumping electrons be at a given instant 
in a displaced position, i.e., in the particular case under consideration, 
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that the first electron be in one of the 2p; 23 levels at the same time that 
the second electron is in some 2p level. If these two displacements are 
not the result of a single act, it is necessary that the first electron be held 


in a metastable position until another act can displace the second electron. 
The 2p; and 2p; levels are indeed metastable, but the 2» level is definitely 
not so. Now the approximate equality in the intensities of the lines of the 
bp’ groups shows that all three of the levels 2p: 2,3 are equally metastable, 
1. e. equally likely to be the seat of one of the two jumping electrons, when the 
double jump occurs—a conclusion in accord with the observation, by 


Green and Peterson,'! that lines originating in the 2:2; levels are ab- 
sorbed in equal intensity. We conclude then, that it is one single act that 
displaces two s level electrons to the two p levels, from which they jump simul- 
taneously in the production of the pp’ group. 


3. PREDICTION OF PP’ GROUPS IN THREE-VALENCE-ELECTRON 
SYSTEMS 

Having just shown that when two electrons are found at the same 
time in the p leveis, they give rise to a pp’ group through the simultaneous 
jumping of the second of them to an s level while the first jumps between 
two of the p levels, it is pertinent to inquire whether the same sort of 
phenomenon should not occur whenever in a three-valence-electron 
system, for example, two of the three valence electrons get at the same 
time into levels; for the situation is then in every respect identical with 
that discussed in section 2, save for the presence of the third electron in an 
s orbit. This last fact ought not to modify in any way the general char- 
acter of the events to be expected in the return of the two displaced elec- 
trons to their normal positions. Thus, the pp’ group for a two-electron 
system was found when both the electrons were displaced to the 39 level, 
at least one and probably only one being in the triplet level. Its structure 
and position showed that one electron returned to the 3s level while the 
other either remained in its position or else jumped to any other triplet 
p level that the selection principle for inner quantum numbers permitted. 
In the three-electron system under consideration we have exactly the 
same situation (two electrons in the p levels, one of which can return) 
save for the fact that there is one other electron which remains all the 
time in the s position and hence modifies by virtue of its field, the energies, 
or term values of all adjacent positions. We should therefore expect to 
find here a pp’ group having an energy approximately equal to the 
difference between that of the s and p levels, but since odd-electron sys- 


11 Green and Peterson, Astrophys. J. 60, 301 (1924). 
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tems always give rise to doublets in place of the triplets characteristic 
of even-electron systems, the new pp’ group here being predicted ought 
to be a quadruplet, for this is the structure that would correspond to the 
four possible combinations between the two p’ levels and the two normal 
p levels. The electron which does not return to the s level can either 
retain the same inner quantum number or change to the other possible one. 
In the two-electron system it had the choice of either remaining of the 
same inner quantum number or changing to a second or third possible 
one. In the present three-valence-electron case all of the four possible 
jumps are permitted by the selection principle. 

From the foregoing analysis it will be seen that the predicted pp’ quad- 
ruplet should reveal in the separation of its components the normal p;» 
separation and a second slightly different »,'p2’ separation. Further, it 
is to be expected (1) that this predicted quadruplet pp’ group will be a 
characteristic of all three-valence-electron atoms, and (2) that since it is 
produced by a double jump between levels of the same total quantum 
number, its frequency will progress with atomic number in accordance 
with the irregular doublet law. 


TABLE IV 


pp’ groups in the three-valence-electron Systems, Cri to OIV 
A(1.A., vac.) v Diff. 
Cy 903 .63 110664.8 
903 .98 110621.9 


904.17 110598 .7 
904.48 110560.8 


685 .04 145976.9 
685.55 145868 .4 
685 .86 145802 .4 
686.39 145689 .8 


553.33 180724.0 
554.07 180482 .6 
554.52 180336.1 
555.23 180105 .5 


35203 .7 


34533 .7 


4. THE DISCOVERY OF QUADRUPLET PP’ GROUPS 


The predictions of the preceding section are verified in every detail 
by the data presented in Tables IV and V, and by the series of spectro- 
grams shown in Plates I and II. A glance at the plates shows how char- 


acteristic of the three-valence-electron system is this quadruplet pp’ 


group. That it has not been recognized before is due simply to the fact 
that this group in general falls in the extreme ultraviolet where preceding 
observers have been unable to do systematic work. Only in the case of 
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aluminum are the data in Table IV taken from another observer (Paschen'*) 
who, however, did not recognize this quadruplet since it was very weak 
and partially obscured by other strong lines. 


TABLE V 


pp’ groups in the three,valence-electron systems, Alt to Clyv 
A(I.A., vac.) v Diff. 

Aly 1762.79 56728. 

obscured 


1766.31 56615. 
1768.95 56530. 


1190.42 84004 
1193.31 83800. 
1194.50 83717. 
1197.42 83512. 


913.99 109410. 
917.14 109035. 
918.69 108850. 
921.86 108476. 


744.92 134242. 
748.40 133618. 
750.23 133292. 
753.76 132668. 


629 .33 158899 
633.18 157933. 
635.31 157403. 
639.24 156435. 


27101.8 


25133.9 


24441 .4 


AWA OONW-1 COMO Cn w 


24111.2 


aN om 


Upon our own plates the pp’ group for Al; is too faint to observe. It 
appears in increasing strength as the nuclear charge increases, as is 
shown in Table VI. The reason for this is as follows: Since the s electrons 
in Al; are bound much more tightly than the p electron, the latter will 
in general be entirely removed before any of the s electrons are disturbed. 


TABLE VI 


Increase of intensities of pp’ groups with effective nuclear charge 
Frequency Intensity 
bp’ pe bp’ 3p—3d 
Aly 56615 .2 48280.91 2 15 
Sirr 83717 .0 131818. 3 7 
Pri 108850 .9 243332 .1 5 5 
Siv 133292 .3 381541.4 5 6 
Cly 157403 .5 542000. (est.) 6 4 
When, however, the p electron has been entirely removed the atom has 
become a two-valence-electron system and hence any jump to an s level 
will correspond to a two-valence-electron series and not to the three- 
valence-electron series. Thus in aluminum the ? electron is gone so 


much of the time that the characteristic three pp’ electron lines are hard 


# Paschen, Ann. der Phys. 71, 544 (1923). 
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to find. With increasing effective nuclear charge the energy required to 
remove the # electron continually increases relative to the energy required 
to lift an s electron to the p position, and hence the latter jump becomes 
more and more frequent. 

This follows clearly from the fact that the s to p change is an irregular 
doublet, and hence increases linearly with z, while the total energy of p 
varies as the square of the effective nuclear charge. In Table VI, the last 
two columns give the relative intensities of the pp’ groups and the 
strongest lines due to jumps into the 3p level from the 3d level. Column 
2 gives the energy necessary to transfer one of the s electrons to the p 
level, while column 3 gives the energy necessary to transfer the p electron 
to infinity. 


5. SIGNIFICANCE OF PP’ GROUP IN THREE-VALENCE-ELECTRON SYSTEM 


In a three-valence-electron system it is known from absorption experi- 
ments in aluminum vapor, for example, that in the normal state two of 
the valence electrons are in the 3s level and the third in a 3p level. About 


F 
R 








. 
pi--2--f-- 


VZ 
Las 





* Goccutiwowes« 


Fig. 1 


these three occupied outer orbits (levels) are then arranged the series of 
virtual orbits in jumping between which the third electron produces the 
ordinary series of arc lines. This series of orbits is diagrammatically 
represented by the continuous lines of Fig. 1. When, now, one of the 
3s electrons absorbs energy and is thus elevated to a 3p orbit its removal 
from the s level changes the field-strength everywhere about the nucleus 
so that the new series of virtual orbits is now in displaced positions, as 
represented by the dotted lines. These new orbits are here designated as 
3pi*, 3p2*, etc. 

When, now, one of the two electrons in a p position jumps back to the 
vacant s position the 3p* levels cease at once to exist, the 3p, 32 etc. 
positions reappearing instantly. Hence, a jump of one electron from a 3p to 
a 3s position is necessarily accompanied by a shift of the other 3p electrons 
from a 3p* level to a 3p level. But when this shift takes place the existence 
of four lines in the pp’ group shows that the electron which is forced out 
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of a 3p* orbit by the jerking of that orbit out from under it, so to speak, 
may make the shift to a 3 orbit in four different ways: by changing 
(1) from 3p,* to 3p;, or (2) from 3p2* to 3p2 without change in inner 
quantum number, or (3) from 3);* to 32 or (4) from 32* to 3p; with 
change in inner quantum number. The two central lines of the quadruplet 
pp’ group correspond to the first and second of these changes, the two 
outer lines to the third and fourth. The fact that the two central lines 
are not coincident shows that the energy change from 3p;* to 3; is not 
quite the same as from 3p2* to 3p2. This is to be expected from the 
difference in the fields in which the p and the p* orbits lie in virtue of the 
change of position of an s electron. 


6. MEANING OF IONIZATION POTENTIAL IN MULTIVALENT ATOMS 


It is obvious from the foregoing discussion that the 3s term value can- 
not be obtained by simply adding to the 3p term value in the arc spectrum 
the frequency of any member of this quadruplet pp’ group. It may be 
obtained as follows. 

Assume that an s electron is completely removed from the atom. The 
atom will then be an ionized system with one electron in the s position 
and the other in the p position. The atom can then be brought back 
to normal by allowing this p electron to fall into the s position, thus 
emitting the first term of the principle series of the spark spectrum. Then 
if the second electron returns to its normal position it will emit a total 
energy equal to the term value of the lowest p orbit of the arc spectrum. 
But the total energy emitted in restoring the atom must be equal to that 
necessary to ionize it, i.e. necessary to remove an s electron. This is at 
once seen to be for aluminum equal to (3s—3p) spark spectra plus 3p 
arc spectra. This is, then, the 3s term value. 

The question, however, at once arises as to whether to take one of the 
triplet p levels or the singlet P level in this computation. This forces on 
us a somewhat more general conception of the meaning of ionization 
potential as not merely the energy that must be given to an electron to 
remove it from an atom, but as the total energy given to an atom when a 
certain one of its electrons is removed. This, of course, will depend upon 
the state in which the atom is left and hence will be different according 
as the p electron is left in the p:, p2, ps3 or P orbit, so that there may be, 
and probably are, as many as four ionization potentials for the lowest 
s level of these elements, depending upon whether in the readjustment of 
the position of the p electron, which follows upon the removal of an 
s electron, this p electron goes in the process of the readjustment into 
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one or the other of the four levels which are open to it. Measurements of 
ionization potentials have not yet been made with enough care to test 
this theory. In thallium, in which the separation of the fi, po, ps levels 
is relatively large, a measurable difference in ionization potentials might 
be obtained. 


7. SUMMARY AND CONCLUSIONS 


The fundamental significance of the two electron jumps which are 
dealt with in this paper lies in the new light which they throw upon the 
problem of the relation between the energy of ether waves (radiant 
energy) and atomic or subatomic energy (material energy). 

These experiments constitute new proof of the futility of the 19th 
century attempt to find the origin of monochromatic ether waves in the 
vibratory motion of charged particles of any sort. Within the past ten 
years, an atom or molecule has been definitely shown, first by relation- 
ships discovered in band spectra, and second by two-electron jumps of the 
sort herein discussed, to have the capacity of integrating any sort of a 
complex subatomic or submolecular shudder into a monochromatic 
ether wave the frequency v of which is determined by hy =E,—E£2, 
E; and Ee representing the total energy before and after the shudder 
respectively. The facts of band-spectra show that this integrating 
process can combine into one emitted frequency a change (1) in the energy 
of rotation of the two nuclei of a diatomic dumb-bell shaped molecule, 
(2) in the vibration of these two nuclei along their line of connection, or 
(3) in the kinetic or potential energy of one of the electronic constituents 
of the system. 

The present experiments along with the studies of Wentzel and of 
Russell and Saunders, which they supplement, prove conclusively that 
two electrons may simultaneously change their energies within an atom 
and integrate their joint energy-change into an emitted monochromatic 
ether wave. The mechanism by which such an integration takes place 
is thus far a complete mystery. We are here in the presence of one of the 
ultimate phenomena of the physical world. The contribution of these 
experiments to the understanding of this phenomenon consists simple 
(1) in the proof which they furnish that the particular two-electroy,, 
jumps which are here integrated are (a) a jump of one electron from a 
p to an s position, and (b) a simultaneous jump of another electron from © 
one p position to another p position; (2) in the evidence which they bring 
to light that every one of a long series of two-valence-electron systems is 
characterized by essentialiy the same sort of an easily recognizable 
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sextuplet pp’ group, this sextuplet appearing without essential modifica- 
tion in such different two-valence-electron systems as Be; to Oy and 
Mg; to Cly1; (3) in the discovery that a three-valence-electron system is 
similarly characterized by a quadruplet pp’ group which is found in all 
the three-valence systems that we have studied; (4) in the proof herein 
furnished that the variation of the frequency of pp’ groups with atomic 
number follows the irregular doublet law and hence that the group is 
formed by jumps between levels of the same total quantum number. 


NORMAN BRIDGE LABORATORY OF PHYSICS, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA. 
April 4, 1925. 
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THE EXCITATION OF FORBIDDEN SPECTRAL LINES* 


By Paut D. Foote, T. TAKAMINE AND R. L. CHENAULT 


ABSTRACT 


Violations of the Bohr selection principles.—(1) A discussion indicates (a) 
that a breakdown of the azimuthal quantum number rule either with or with- 
out a simultaneous violation of the inner quantum rule is not infrequent; (b) 
that forbidden lines may be produced in absorption and otherwise under cir- 
cumstances which prove the absence of a strong homogeneous electric field. 
Violations of the inner quantum rule alone are rare; certain of them may be 
produced by a strong magnetic field but those found in the present work were 
produced in the absence of a strong homogeneous field either electric or mag- 
netic. It is suggested that, possibly, rapidly varying inhomogeneous fields are 
effective. A careful study of the width of these lines and of the variation of the 
intensity with density might throwsome lightontheproblem. (2) 1S—2p group 
in Hg, Cd and Zn. The forbidden lines 1S—2p,; (Aj =2) for Hg,Cdand Zn were 
observed at 2270.0, 3141.1 and 3039.8 respectively and 1S—2p; for Cd at 
43320.0 in the positive column of a hot-cathode, low-voltage gradient discharge 
at low pressure. The intensity of these lines was a maximum at about 250 
m-amp/cm?, falling rapidly to zero before the current density increased to 
the point where the sensitive pd lines show broadening, an incipient Stark 
effect produced by the fields of neighboring atoms and ions. 

Cadmium pp’ multiplet—Four members of this multiplet were photo- 
graphed in absorption through the positive column against the hydrogen- 
tube, continuous back ground. It is suggested that the states 2p,’ and 2p,’ 
may practically coincide. 

Spectrograms of mercury series PD, PS, Ps, ps, and pd are reproduced. 


OHR’S principle of correspondence leads to the formulation of two 
important laws governing the changes in the azimuthal quantum 
number k and Sommerfeld’s inner quantum number j which characterize 
the quantized states of an atom before and after the emission of a quan- 
tum of radiation. The second law may be derived also from the condition 
of conservation of angular momentum during the radiation process. 
These two principles of selection will be referred to as Condition k and 
Condition j, and may be expressed by Eqs. (1) and (2) respectively. 
Ak= +1 (Condition k) (1) 
Aj= +1 or 0 (Condition j) (2) 
subject to the restriction (j=0) x» (j=0) 
The above relations apply to quantized transitions in the complete 
absence of an external magnetic or electric field. If such fields are present 


* Published by permission of the Director of the Bureau of Standards of the U. S. De- 
partment of Commerce. 
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many new lines may be expected for which the restrictions in Eqs. (1) 
and (2) are removed. 


VIOLATIONS OF THE AZIMUTHAL QUANTUM NUMBER RULE 


It appears experimentally established that Condition k may be 
broken down by the presence of a strong electric field. Hansen, Takamine 
and Werner! have observed many combinations in mercury up to Ak=8 
in their investigation of the Stark effect. The lines for which Ak =0 or 2 
were in general the strongest of the “‘violations,”’ the intensity decreasing 
for larger values of Ak. Estimates were made of the minimum potential 
gradient necessary for the excitation of several such lines. For example, 
the sequence 22.—mp, (Ak=0) appears at field intensities greater than 
5000 volts/cm. 

If experimental conditions are such that Condition k is broken down 
(for the simpler spectra, e.g. doublets and triplets of Groups I, II and 
III), lines may be excited for which both principles of selection are 
violated simultaneously. Thus in the above quoted paper we find com- 
binations® such as 2/;—9k corresponding to Ak=7 and Aj at least 5 and 
possibly 6 and 7. The latter figures are not definitely fixed because the 
triplet k-terms are unresolved. In general, for the metals of Group II, 
all combinations with 2; involving Ak >4 necessitate a simultaneous 
violation of condition 7; likewise, all combinations with 22 for which 
Ak 23. That these normally forbidden lines may be excited in the 
presence of an external field is further supported by numerous scattered 
observations incidental to the investigation of spark spectra at high 
potential. 

On the other hand, many of the lines so far described appear in the 
ordinary arc or low-voltage, hot-cathode discharge under conditions 
where the field intensity due to the applied potential is unquestionably 
negligible. Foote, Mohler and Meggers* employing a discharge tube in 
which all effects due to the applied field were eliminated by proper 
screening, observed the doublet 1s—3d of potassium (also sodium) as 
one of the strongest pairs in the spectrum at 1000 milli-amperes while 
at 70 milli-amperes its presence was undetected. For the line 1s—3d, we 
have AF =2, Aj=2 and for the line 1s—3d2, Ak=2, 4j=1. One line there- 
fore violates both selection principles while for the other line Condition j 


1 Hansen, Takamine and Werner, Det. Kgl. Danske, V. Sel. Math-fys. V, 3 (1923). 

* In the present paper we employ Paschen’s notation and represent the variable 
terms by the sequence of letters s, p, d, f, g, h, i, j, k, | corresponding to the azimuthal 
quantum numbers 1 to 10 respectively. 

* Foote, Mohler and Meggers, Phil. Mag. 43, 659 (1922). 
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is satisfied. These writers suggested that the apparent violations might 
be attributed to the presence of electric fields due to neighboring ions and 
electrons. Bohr* emphasized this view stating that these local fields, 
from rough calculation, ‘“‘may easily have been many thousand times 
larger than the intensity of the external electric forces present in the 
unscreened part of the apparatus, as a direct consequence of the applied 
potential’’; that is, of the order of many thousand volts per cm. This 
explanation is further supported by the quite general enhancement of the 
forbidden lines in the arc as the current density is increased. 

Fukuda’ lists 85 forbidden lines of mercury appearing in the so-called 
branched arc; 14 of these are present at a current density of 0.7 amp./cm’, 
while the others are excited in increasing number up to 5.3 amp./cm?, 
the maximum employed. 

Unfortunately for the apparently consistent conclusions to which one 
is led by the above considerations, Datta® has observed the lines 1s—3d 
and 1s—4d of potassium in absorption, using a long column of unexcited 
vapor. The lines are sharply and completely absorbed as is readily 
apparent from the beautiful reproductions accompanying his paper. 
The question of applied fields or of fields due to neighboring ions and 
electrons is thus eliminated, but one may still assume the existence of 
fields arising from neighboring atoms. The strong polar character of the 
alkali atoms, due to the presence of the valence electron on a protruding, 
eccentric orbit, may very possibly account for a large perturbing field. 
However, Datta believes that such an explanation is quite insufficient. 
The lines were observed in absorption at pressures as low as 2.5 mm Hg 
while the band absorption due to the molecule showed no broadening 
below 30 mm, a sensitive criterion for the presence of perturbing forces. 
While the intensity of the forbidden absorption lines increased with 
pressure, Datta suggests this is due to the larger number of atoms 
capable of absorbing and that the same effect might be obtained in a 
very long tube at correspondingly lower pressure. 

Recently, Mohler’ has found the line 1s—3d of potassium to be strongly 
excited in a low voltage discharge with low current density but com- 
paratively high vapor pressure. The cathode consisted of a nickel sheet 
200 cm? in area heated to 500°C, from which a total thermionic current 


‘Bohr, Phil. Mag. 43, 1112 (1922). 

5 Fukuda, Jap. J. Phys. 3, 169 (1924); combinations involved are PP, Pp, Pf, Pg, 
bf, and pg. 

* Datta, Proc. Roy. Soc. 101, 539 (1922). 

7 Mohler, Critical Potentials Associated with Excitation of Alkaline Spark Spectra, 
Bureau of Standards Sci. Paper No. 505 (1925). 
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of 10 milli-amperes was drawn. Potassium was distilled past this surface, 
condensing above and dropping down. Hence, no estimate can be made 
of the pressure except that it was variable and occasionally much higher 
than that ordinarily employed in low voltage arcs. The current density 
was of the order 10-* amp./cm*®. The extremely small value of this 
current suggests that if large interatomic fields are present they are due 
to neutral atoms rather than to ions. 

There is one argument against the presence of large fields. Some of 
these forbidden lines may be obtained under conditions such that all 
lines appear very sharp. Large electric fields produce a pronounced 
broadening of the diffuse series lines, especially for the higher md terms. 
This is clearly shown by the reproductions in the paper of Hansen 
Takamine and Werner. Takamine’ observed a shift of 2A for the sodium 
pair 2b—4d in a field of 25,000 volt/cm. If fields attaining this magnitude, 
as estimated by Bohr, were present in the experiment of Foote, Mohler 
and Meggers, a decided broadening might have been expected, especially 
with lines of higher term value in the pd series. On re-examination of their 
plates for sodium and potassium we find no indication of broadening. 

For the more complex spectra, especially of the elements belonging 
to the right half of the periodic table, violations of Condition k of the 
type described are still less infrequent. In addition, we have numerous 
primed terms which first appear in the pp’ and dd’ multiplets for metals 
of Group II, and which increase in complication and number toward the 
right of the periodic table until in iron, for example, there occur numerous 
combinations between primed and unprimed terms having the same 
value of k. Such combinations are believed to have their origin in the 
displacement of two electrons at least one of which undergoes interorbital 
transition during the radiation process. The replacement of the ordinary 
principle Ak= +1 by Laporte’s® rule Ak=0 may be therefore as con- 
sistent physically as it is empirically, since an “‘inner’’ electron usually 
jumps, and certainly Condition k is not applicable to the inner electrons 
producing x-ray spectra unless Sommerfeld’s azimuthal and the “grund”’ 
quantum numbers are interchanged. 

In fine, and omitting reference to the primed combinations, existing 
experiments in which Condition k, and both Conditions k and j simul- 
taneously, are violated indicate that the forbidden lines may be produced 
in a strong electric field but that a strong homogeneous field is not 
always the necessary agent. When atomic distances are considered, the 


8’ Takamine, Astrophys. J. 50, 23 (1919). 
* Laporte Zeits. f. Physik 23, p. 135, 1924. 
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field due to a single ion attains very large values. For example, at 50 
angstrom units from a singly charged ion, the field is 570,000 volts/cm; 
at 100A, 143,000, and at 520A, the average distance between atoms for a 
pressure of 0.2 mm Hg, the field is 5300 volts/cm. These fields, if homo- 
geneous, should certainly produce in the sensitive lines a Stark broadening. 
The absence of such an effect, possibly, may be related to the inhomo- 
geneous character of the field. An electron on a circular orbit of diameter 
10A at a distance of 50A from an ion is in a field which changes from 
point to point over the orbit with a maximum variation amounting to 
170,000 volts/cm. Similar effects of a much smaller magnitude are 
produced by the field from a neutral atom such as an alkali. It seems, 
therefore, possible that an inhomogeneous field of this type might intro- 
duce harmonics into the motion such that these forbidden transitions 
may occur quite apart from the disturbances giving rise to an ordinary 
Stark effect. However, it does not appear likely that this could account 
for the presence .of certain forbidden lines as the most intense lines of 
the entire spectrum. 

Several interesting experiments readily suggest themselves. The width 
of the diffuse series lines, when the forbidden lines appear, should be 
investigated with a spectroscope of high resolving power. How narrow are 
the lines 1s—3d and 1s—4d? These may be broadened on account of the 
sensitive md term. What is the effect of varying the length of the absorb- 
ing column in Datta’s experiment, keeping the number of absorbing 
atoms constant? What is the effect of the introduction of helium or argon 
at high pressure—atoms which should produce but small disturbance on 
account of their non-polar character? Quantitative measurements on the 
intensity of 1s—3d for an alkali in a low-voltage, low-current arc at 
various, controlled vapor pressures are desirable. Probably these lines 
can be excited below the ionization potential if the pressure is high. What 
explanation may be offered for the fact that while 1s—3d may be the most 
intense line in the potassium spectrum, apparently it has been so far 
impossible to excite many other combinations, for example the series 
1s—ms? 


VIOLATIONS OF THE INNER QUANTUM RULE 


Exceptions to the selection principle for inner quantum numbers, 
alone, are extremely rare. In spite of the numerous lines in multiplet 
spectra for which Ak=0 no violation of Condition 7 has been recorded. 
Paschen and Back" (the second Paschen-Back effect) showed that the 


10 Paschen and Back, Physica 1, 261 (1921). 
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rule could be broken down by a magnetic but not by an electric field. 
Working with fields up to 40,000 gauss they were able to excite the 
complete pd triplets of Ca, Zn and Cd and the complete pd doublets of 
Al and Ca*. The line 3d; corresponds to Aj=3 and the lines Psde, 
ped, of the triplet and ped; of the doublet involve Aj = 2. es 
Hansen, Takamine and Werner observed 1S—2p; (Aj=2) of Hg ina 
condensed discharge, but after several experiments with magnetic fields 
up to 19,000 gauss and electric fields up to 35,000 volts/cm they conclude 
that the excitation of the line cannot be attributed to either a homo- 
geneous magnetic or electric field. It is suggested that the line is produced 
by the perturbing action of the forces from neighboring atoms and ions, 
constituting a rapidly changing and very inhomogeneous field. 
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Fig. 1. Discharge tube. This was maintained at a suitable temperature by a sur- 
rounding furnace. In starting, the procedure is (1) open b (2) momentarily close a. 
After arc starts b may be closed. 














Takamine and Fukuda" observed the line in the branched arc. Its 
intensity, under the most favorable conditions, was stronger than 
2p2—9d_- but fainter than 2p2—$dz, lines lying in the same spectral region. 
If the current density was either increased or decreased from this opti- 
mum condition the relative intensity of the forbidden line diminished. 

After confirming the work of Takamine and Fukuda, the present 
writers employed a simple two-electrode tube of the form illustrated in 
Fig. 1. The entire tube was heated to 4 temperature such that the line 


11 Takamine and Fukuda, Phys. Rev. 25, 23 (1925). 
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1S—2p:2 barely showed absorption against an under-water spark or hydro- 
gen tube as background, with no potential on the main discharge tube. 
The metals investigated were Hg, Cd and Zn, and under the above con- 
ditions 1S—-2P (except Hg where the line is inaccessible) showed com- 
plete absorption extending over several angstroms. Probably the pressure 
was of the order of several tenth-millimeters. The positive column of the 
glow was photographed end-on with a Hilger E2 spectrograph. Quartz 
windows had been sealed to the tube by means of intermediary glasses. 
The potential drop between the hot tungsten or coated platinum cathode 
and ring anode was of the order 100 volts, but the discharge tubes were of 
such length, 30 to 100 cm, that the voltage drop per mean free path of 
the electrons was very small. The spectrum was strictly of the arc type; 
only a few of the readily excited spark lines such as 1s—2p appeared, and 
these in comparatively low intensity. Exposures were made with the ring 
anode, both in the line of sight and in a short side tube, but the spectra 
obtained were identical. No spectroscopic effect of the inductance at 
b was observed. Table I gives the observed forbidden lines which are 
reproduced in Plate I, A, B, C. 


TABLE I 
1S—2p 








Density 
Element Notation \(air) (air) visually 
observed computed estimated 





Hg 2270.0 2269.86 (a) 0.5 
2536 2536. Bs 

? 2655. ins 
3141.1 3141. (b) 0.4 
3261 3261. 
3320.0 3319.85 3 
3039.8 3039.82 (c) 0.2 
3075 3075.88 

? 3094 . 26 


Cd 


Zn 


ee ee oe ee 
r r Pa Pe Pe 








(a) Intensity lies between m=8 and 9 of series 2p2—mdz. ; 
(b) Intensity =4 relative to \3082.7 (262—3S) as 10, visually estimated 
(c) Intensity =1 relative to \3035.93 (2p2—2s) as 20, visually estimated. 


Hg 1S—2p;, if faintly present, would have been obscured by the strong 
arc line \2655.13 (2p.—4D). Zn 1S—2p;, if faintly present, would have 
been obscured by band structure. Had it been excited in the same inten- 
sity as 1S—2p,, however, its presence should have been detected. 

The above intensities apply for the most favorable current density of 
about .250 amp./cm?. Increase or decrease of the current around this 
optimum value markedly diminished the intensity of these lines relative 
to other series lines in their neighborhood. Forbidden lines of the type 
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observed by Fukuda at very much higher currents were absent, and in the 
few cases where the resolving power was sufficient to show the complete 
pd triplets, no evidence for the presence (by abnormal intensity of super- 
posed components) of forbidden members could be detected. The 
forbidden lines listed entirely vanish when the current density is increased 
to the point where the sensitive pd lines show broadening. This is astonish- 


ing inasmuch as broadening is the most sensitive indication known for 
the perturbing action of interatomic fields. Re-examination of plates 
made several years ago in this laboratory by the method employed for the 
excitation of 1s—3d of K shows Cd 1S—2p, faintly developed at 10 volts 
and 400 milliamperes. 

In summary, while experiment shows that the inner quantum number 
rule may be broken in the presence of a large homogeneous magnetic 
field with certain combinations, with others a homogeneous field is 
insufficient. Violations which cannot be produced in a strong field 
occur where no applied field is present and under conditions such that 
other indications, e.g., broadening, point to the absence of a field. 

Bohr and Sommerfeld have both shown by an application of the 
principle of correspondence that a magnetic and not an electric field 
should be effective in breaking down the selection principle for inner 
quantum numbers. Paschen and Back’s experiments are quite widely 
quoted as proof that the field must be comparable to the interatomic 
field which gives rise to the ordinary complex structure. The complete 
triplets, for example, are excited when the applied field gives a Zeeman 
separation about equal to the normal separations of the triplet d-levels. 
Hence, a homogeneous field of 10° gauss should be necessary to produce 
the line 1S—2p,0f Hg. Even local or inhomogeneous fields of this magni- 
tude are totally impossible in a discharge tube. The field due to a Bohr 
magneton along its axis and at the average distance apart of the atoms 
at 0.2 mm pressure is only 10-4 gauss. Therefore, if the forbidden lines 
appearing in Plate I are produced by a magnetic field, the field must be 
weak and inhomogeneous, and the phenomenon is quite different from 
that observed by Paschen and Back. At any rate, it is satisfying to note 
that, contrary to examples discussed for the break down of the azimuthal 
quantum number rules, the intensities of the forbidden lines listed in 
Table I are relatively weak. Thus assuming a gamma value of unity for 
the plate characteristic, the ratio of intensities of the allowed and for- 
bidden lines is 10° with an error of possibly the factor 10. This great 
difference is not clearly apparent in Plate I, since contrast has been 
suppressed in the reproduction. 
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PlateI. (A) Hg 1S—2p,;(B) Cd 1S—2py,3; (C) Zn 1S—2p,; (D) Cd pp’ multiplet in 
absorption; (E) strong development of Hg PD, PS and Ps series in positive column. 
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It should be emphasized that while the results quoted raise no objection 
to either of the selection principles in their general applicability, con- 
sideration of the rapidly increasing number of forbidden lines cannot be 
dismissed with the single comment that their excitation is due to electric 
and magnetic fields. The subject is involved and requires investigation 
of the effect of rapidly varying fields, from both the theoretical and 
experimental standpoint. 


CADMIUM PP’ MULTIPLET 


Compton, Turner and McCurdy” have shown that the positive 
column contains a high concentration of excited atoms. All subordinate 
series lines are therefore absorbed, but the emission is so strong that the 
absorption is not readily apparent against a bright background; special 
photometric computations are usually required for its detection. How- 
ever, in cadmium an interesting group of emission lines are known which, 
according to Ruark and Chenault," belong toa pp’ multiplet. This should 
consist of six members but the two lines involving the 2,’ term are 
missing although from intensity rules they should be strong. The known 
group of four is reversed in the arc and three of the lines have been 
observed reversed in the under-water spark. In emission the intensities 
of these lines are weak compared to subordinate series lines; hence with a 
high concentration of atoms in the 2p states, absorption against the 
continuous spectrum of the tungsten under-water spark or hydrogen 
tube should be readily detected as shown in Plate I, D. Table II gives 
the wave-lengths and classifications. 


TABLE II _ 


Cd pp’ multiplet 
Notation Nair (Obs.) Kayser (Vol. 7) 


2p3—2p.’ 2240.0A 2239.86 RS 6 
2p2—2p.’ 2267.4 2267.47 RS 4 
2p:—2p;’ 2306.7 2306.63 R 4 
2p1—2p,’ 2330.0 2329.9 RS8 


R=reversed in arc; S=reversed in under-water spark 


The failure to find the lines involving 21’ in emission suggests that 
transitions from this initial state are improbable. Our failure to detect 
them in absorption, although the region from \2400 to 2150 was carefully 
investigated, indicates that transitions to the final state 2p,’ are im- 
probable. Dr. Laporte and the writers have considered the alternative 


Compton, Turner and McCurdy, Phys. Rev. 24, 597 (1924). 
#8 Ruark and Chenault, J.0.S.A. and R.S.I. 10, 653 (1925). 
4 Striicklen, Zeits. f. Physik 30, 24 (1924). 
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that the 2p,’ and 22’ terms are practically coincident. Such an assump- 
tion makes the intensity relations somewhat better and requires that the 
lines 412267 and 2330 be unresolved doublets. 

Certain of the lines are occasionally absent in absorption and some of 
them appear in emission against the continuous background. A system- 
atic correlation of these phenomena would be quite involved. Table III 
gives several examples selected from three typical plates. The last 
exposure listed is the one reproduced in Plate I, D. 

In addition to the pp’ absorption group, a weak, sharp absorption 
line was found at A3086.7. This line is not given in any table nor is its 
classification known. 


TABLE III 


Cd pp’ multiplet in emission and absorption. 








Plate Exp. No. Volts Current 2240 2267 2306 42330 


110 1000ma. Eh Aof Eh 
105 A A 
120 A A 
150+ A Avf 
115 A Absent 
75 Absent Absent 
40 Absent Absent 
100 A A 





113 


114 


em Hh Un he dO 


116 








A =Absorption; h=hazy; 
E=Enmission; f=faint; vf =very faint. 

Of passing interest is the reproduction Plate I , E, showing strong devel- 
opment of the PD, PS and Ps series of Hg. This was made with a wide 
slit and a current density of about 20 m-amp./cm? at 100 volts. Appar- 
ently the positive column viewed end-on is very good for the investigation 
of the series terms of higher order. 


FEBRUARY 16, 1925, 
BUREAU OF STANDARDS, 
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LINE BREADTHS AND ABSORPTION PROBABILITIES 
IN SODIUM VAPOR 


By GEORGE R. HARRISON! AND J. C. SLATER 


ABSTRACT 


Molecular broadening of the absorption lines of the principal series of 
sodium.—From recently published experimental data the theoretical half- 
breadths of the lines 2 to 8 are calculated, together with the half-breadths in 
frequency units (P/2x), which are proportional to the probabilities. The 
broadening of the first line is at least 100 times as great as that to be expected 
from Stark effect and collision broadening and the breadths of succeeding lines 
are found to decrease rapidly with increasing term number at the saturated 
vapor pressures used (450 to 600°C), a result contrary to that commonly found 
at low vapor pressures. It is suggested that this high pressure broadeping is 
due to the presence of a large proportion of diatomic sodium molecules in vary- 
ing states of stability which disturb the absorbing atoms far more than an inert 
gas would, the perturbation being greater the lower the quantum state. As 
evidence for this the absolute values of the probabilities Ai; and B;; come out only 
about one fiftieth as large as would be expected if all the gas was in the atomic 
condition; moreover, the bands associated with line 3303 have about 50 times 
the total intensity of the line. Incidentally, the half-breadth is found to vary 
approximately as the square root of the number of absorbing atoms. 

Molecular aggregation in saturated sodium vapor at high temperatures.— 
The above results indicate that the proportion of diatomic molecules increases 
with the temperature, possibly greatly exceeding the proportion of atoms at 
600°C. This suggests that the energy of dissociation of Naz at absolute zero may 
be negative. 


INTRODUCTION 


N a paper recently published by one of the writers? the results of an 
experimental investigation of the shapes and intensities of absorption 
lines in the principal series of sodium were given, and from these were 
calculated the relative probabilities of the various transitions involved, 
by means of formulas derived by the other writer* on the basis of his theory 
of virtual oscillators. The relative probabilities B;; were obtained for the 
second to sixteenth lines, and from these were calculated the relative 
probabilities A;; by means of Einstein’s relation, A ;;= (8rhv?/C*)B;;. 
In the present paper are given the half-breadths of the second to eighth 
lines at various vapor densities, and from these are computed the cor- 
responding values of the probability P/27, which controls line breadths. 
1 National Research Fellow. 


? Harrison, Phys. Rev. 25, 768 (June 1925). 
* Slater, Phys. Rev. 25, 783 (June 1925). 
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Approximate determinations of the absolute values of A;; and B,; are 
also given, and the apparent necessity of assuming the presence of large 
numbers of diatomic molecules of varying grades of stability in saturated 
sodium vapor at temperatures over 400° C is discussed. The notation in 
this paper is the same as in the preceding papers.?:* 


DETERMINATION OF LINE BREADTHS 


It has become the custom to specify the amount of breadening of an 
absorption line in terms of its half-breadth, or breadth at the point where 
the amount of absorption is one-half that at the maximum. Theoretically, 

















Fig. 1. Curves showing the change in shape of an absorption line with length of the 
absorbing column. The dotted line shows the changing value of apparent half-breadth 
with length of column, although the true half-breadth, given by the fundamental value 
2./CiC2, remains constant. 


the full breadth of a single line is infinite, and the absorption is still very 
appreciable at a point where the breadth is three times the half-breadth, 
when the broadening is produced by collisions, Stark effect, or other 
effect giving the broadening formula used in the present work. The 
shape of a line changes with the distance it has traveled through the 
absorbing medium, and although each point on the curve obeys the 
exponential law, its area, and consequently the amount of absorption, 
does not. This is illustrated in Fig. 1, which shows the changing shape 
of a line with length of absorbing column x as computed from the formula 
logio(I/Io) =— C,/ [(A- do)? +CiCe J, where 
Ci = (NB; hP do? -10-8/27°c? log.10)x and CyC2.= [PA?/22c108 |?. 





178 G. R. HARRISON AND J. C. SLATER 


The half-breadth of a line with which we are concerned in finding P/27 
is the fundamental value given by 2\/CiC2 and is that for an infinitesimal 
layer of absorbing medium; the half-breadth measured directly on the 
photographic plate, on the other hand, is given by a more complex formula 
and is of small importance, varying tremendously, as the figure shows, 
with the value of x used. The values of C; and C2 were taken from ex- 
perimental data for the value x=10 cm, and the product C;C2 was kept 
constant while C; was varied in the other curves to show the effect, on 
a given line, of using vapor columns of different length but the same vapor 
density. From these curves it appears that the best condition for measur- 
ing C, and C: accurately is a short column of vapor for the lower members 
of the series, and a long column for the higher members, such as was 
used by Wood and Fortrat‘ in extending the sodium principal series to 
58 members. 

Values of C; and C2 were found for each line, as in the previous paper,? 
and from these were calculated the true half-breadths in angstroms from 
the formula A=2+/C,C2, and also the probabilities P/27, where P/2r 
is the half-breadth in frequency units divided by two. In Table I is 
given a typical set of values of C; and C, and the corresponding values of 
half-breadth and probability. 


TABLE I 


Line breadths 
Plate 25B4 Vapor pressure 18 mm 








VCiC2  Half-breadth P/2x 


4.43 .86A 12.110" 
1.71 42 
5.8) er 
794 .58 
.629 25 
.567 me 
got 11 
.548 .09 


2 


Line Wave-length C; 





3303A 17.90 
2853 ‘ 
2680 

2594 

2543 

2512 

2491 

2475 


ween n ee ee) 
CO, COOUWN 
NMWNNNWHE OD 








In the calculation of A;; and B;; from the measured constants it was 
possible to average the relative values for all vapor densities and thus get 
very accurate values by taking the mean of eighteen determinations, 
once it had been found that the relative probabilities were not a function 
of vapor density. In this way JN, the relative number of absorbing atoms 
in each case, was found with apparently considerable accuracy. In the 
case of P/2z, which depends on N, this was not possible, since the 
product of C; and C, is involved, whereas in the preceding case their 


* Wood and Fortrat, Astrophys. Jour. 43, 73 (1916). 
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ratios were averaged and the curve smoothed out. In Fig. 2 the half- 
breadths of three lines are plotted against the relative numbers of atoms 
absorbing them, the latter being determined, as in the previous paper, 
from the calculations of B;;. Although the points do not lie very exactly 
on smooth curves, the general nature of the relation between A and NV 
is fairly evident, since it seems logical to assume that the curves all pass 
through the origin. For line 3303 (m =2) the curve has the form A=kN-*8; 
for line 2853 (n=3) the equation is A=k’N-**; and for line 2680 (nm =4) 
A=k''N-*!. Whether or not the apparent variation of the exponent 
with wave-length is real, the similar values of the exponents obtained 
for the three lines would indicate that A may be expected to vary, for a 
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Fig. 2. Curves showing the relation of fundamental half-breadth of lines 2, 3 and 4 
to number of absorbing atoms. K is a proportionality constant. The curves are approxi- 
mately simple parabolas in the region studied, and although they undoubtedly pass 
through the origin, should not be as drawn at low vapor pressures because of the rela- 
tively increased importance of Stark effect or broadening due to collisions of the second 
kind, 


given line, with a power of N close to one-half, if not this exactly. While 
it is true that both coordinates in these curves were calculated from 
C, and C2 as determined in the present experiments, one depends on their 
ratio and the other on their product. Thus one would not expect experi- 
mental errors to be masked. 

In Table II are given the values of P/2m determined for lines 2 to 7 
at selected vapor densities. Where several values were obtained at 
almost the same density they were averaged by means of curves similar 
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to those given in Fig. 2. The half-breadths of the lines in angstroms can 
be found from the values obtained by means of the formulas given above. 
Although values of P/27 for lines up to the sixteenth were obtained, no 
great confidence is felt in the accuracy of those above the eighth, because 
of the difficulty of determining exactly the resolving power of the 


TABLE II 


Line breadth and vapor density 








P/2xX10-" for lines 2 to 7 
4 5 
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spectrograph used. If this was greater than the value assumed, it would 
change the half-breadths measured for the higher members considerably, 
but would not greatly affect those before the eighth line, beyond making 
the P/2m vs n curve slightly steeper. An error of this sort would not alter 
greatly the A;; and B;; values given in the previous paper. 





‘C2 = Half - breadth (A) 





2 
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n (Term Number ) 
2 3 A 5 8 7 re) 9 10 
Fig. 3. Curves showing the variation of half-breadth, both in wave-length and fre- 
quency units, with term number, for the second to tenth lines of the sodium principal 
series absorbed by saturated vapor at 590°C. 








In Fig. 3 are shown values of the half-breadth in angstroms, and also 
of P/27, plotted against term number for a given vapor density. Curves 
similar to these were plotted at a number of vapor densities; some were 
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found to exhibit a more pronounced rise in P/27m after the sixth term, 
increasing steadily out to the sixteenth. This may be a spurious effect 
resulting from incorrect estimate of resolving power, or a real phenomenon 
due to Stark effect or collision broadening. 


DISCUSSION OF THE CAUSE OF LINE BROADENING 


A most important result is the fact that the half-breadths of lines in 
the principal series of sodium, and presumably in all the alkali metals, 
decrease as the term number increases, for the first few members, at least, 
at the vapor pressures used. This is at variance with experimental results 
at low pressures and with theoretical attempts to explain the broadening 
on the basis of collisions or Stark effect. The magnitude of the breadth 
for the first few lines is extraordinarily great in comparison with the 
breadth at low pressures. Fiichtbauer and Schell,’ for example, give a 
value for P/2m of only 1.7310"! for the D-lines at a temperature of 
174° C, with a pressure of 1733 mm of nitrogen. They found that the 
broadening varied directly with the pressure of foreign gas, so that at 
30 mm this would give a value of P/27=3X10°. We find for the second 
line of the series P/27=1.2 X10" at a pressure of not over 30 mm and 
a temperature of 590° C, or 400 times the computed broadening. This 
is a minimum value, since in our experiments the D-lines were un- 
doubtedly broader than line 3303. The explanation of this difference 
would seem to be that the present large broadening is bound up with 
the fact that the pressure here is largely the vapor pressure of sodium 
itself at high temperature, while in the other experiments the pressure 
was produced by a foreign gas. This would imply that neighboring 
sodium atoms or molecules possess a capacity of disturbing other sodium 
atoms very much greater than that possessed by other kinds of molecules, 
except possibly those of other alkali metals. This is discussed later. 

It should be pointed out that the very great broadening of the lower 
series lines obtained in this work is not unique, but is apparent in all 
published photographs of alkali vapor absorption where high vapor 
pressures were used and where much band absorption was present. 
Wood’s photographs® of sodium absorption show a rapid decrease in 
breadth with increasing term number, as do those of Datta’ for potassium 
vapor. While certain photographic phenomena might combine to create 
a false appearance of decreasing breadth in particular cases, careful 


5 Fiichtbauer and Schell, Phys. Zeits. 14, 1164 (1913). See also Fiichtbauer and 
Hoffmann, Ann. der Phys. 43, 96 (1914). 

* Wood, Phil. Mag. 18, 530 (1909). 

7 Datta, Proc. Roy. Soc. 101, 539 (1922). 
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study shows that this cannot explain away the effect in all, and in the 
present work, of course, such possibilities are definitely ruled out. At 
low vapor pressures, on the other hand, it is frequently observed that the 
breadth of series lines increases rapidly with term number. 

The band spectrum of sodium consists of a number of groups or 
systems, one apparently associated with each of the first few lines of the 
principal series, rapidly decreasing both in intensity and extent as we 
go up the series. This strongly suggests that corresponding to each 
principal series level of the atom there is a system of molecular energy 
levels, the band about a line arising when the electron in the molecule 
makes the same transition that the electron in the atom would make for 
the line. In a situation where dissociation is taking place the molecules 
are not all in one definite state, but there are a variety of possible states 
for them, varying from strongly bound molecules to half-formed ones 
which persist only a short time, and finally to mere pairs of mutually 
disturbing atoms. The last would form band energy levels only slightly 
displaced from the atomic energy levels, and a great many such would 
coalesce to produce the effect of a broadened atomic level. The absorp- 
tion spectrum would then consist of bands about the lines, with broad- 
ened lines about the frequencies of pure atomic transitions. Assuming 
this to be the cause of the observed broadening we can connect the 
empirical fact that the bands become much less conspicuous about higher 
lines of the series with the decrease in broadening in passing up the series. 
The interpretation of the decrease in intensity in bands is not obvious, 
but if the bands are due to stable molecules, the broadening to unstable 
ones, it seems reasonable to suppose that the same factors that affect 
the magnitude of the bands should also affect the amount of broadening. 

An interesting observation in connection with this possible explanation 
of the present broadening is furnished by the analogous cases of potas- 
sium, rubidium, and caesium. There the lines show distinct satellites® 
which seem to be of molecular origin. It may well be that these satellites 
represent very loosely bound molecules, and that the situation in sodium 
is similar, but that the satellites, instead of being separate lines, are 
distributed in such a way as to produce simply a broadened line of regular 
form. 

The necessary condition, both for the large broadening and its decrease 
with increasing term number, thus becomes the presence of a sufficient 
number of molecules to produce the broadening, which will be indicated 


8 See Datta loc. cit.,”? and rubidium and caesium absorption photographs by Bevan, 
Proc. Roy. Soc. 83, 421 (1910) and 85, 54 (1912). 
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by the associated band absorption. There may then be three causes of 
broadening: that connected with bands, that due to Stark effect, and that 
due to collisions of the second kind, the two latter causes predominating 
at low vapor pressures, and the first at high vapor pressures. 

Holtsmark® has treated the observed broadening at low vapor pressures 
on the basis of the Stark effect from the electric field of neighboring 
atoms, and one of the authors’ has suggested a broadening on account of 
the collisions of the second kind. It seems likely that in a more complete 
development of quantum theory than we have at present, these two effects 
will appear as related. Neither is at all capable of explaining the present 
phenomena observed at high vapor pressures. The Stark effect seems to 
indicate broadening of the order of that observed by others when the 
pressure arises from a foreign gas, but there is no apparent reason why 
a greatly increased action should arise when the external gas is sodium. 
The effect of collisions of the second kind seems.small in the present 
case; it would be important only if atoms could produce such collisions 
when they approached within distances of the order of 10-*® cm from atoms 
in the second or third quantum states. 

The decrease of breadth with term number is also difficult to interpret 
on the basis of Stark effect or collision broadening. For the excited states 
connected with the principal series transitions are states where the valence 
electron is in a long, eccentric orbit, the length increasing rapidly with 
term number. The Stark effect would increase with term number, for 
it depends on the amount of time the electron is out of the intense field 
of the inner part of the atom and is comparatively free to be influenced 
by the external field, and this increases rapidly with the longer orbits. 
Collisions of the second kind might naturally be supposed to increase 
with term number, the larger orbits being easier to hit than the small 
ones. These explanations then suggest increase of breadth with term 
number, which is observed only at low vapor pressures. If we suppose 
that both these effects and the molecular broadening are operating, 


however, all the experimental facts are explained.'! 
It should be pointed out that in the previous paper? the constants C; 
and C: were determined on the basis of a formula for line shapes which 


® Holtsmark, Ann. der Phys. 58, 577 (1919). 

1° Slater, Phys. Rev. 25, 396 (1925). 

4 Since the above was written, a paper by Born and Franck, Zeits. f. Phys. 31, 
411 (1925) has appeared, in which the authors suggest the existance of unstable or 
quasi-molecules in a dissociating gas. Their idea is that the broadened bands around 
absorption lines may be connected with such molecules. Their point of view is similar 
to that suggested in the present paper. 
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was found to hold experimentally. Such shapes would be given by Stark 
effect or collisions of the second kind, but no assumption need be made 
as to the exact cause of broadening. 


ABSOLUTE ABSORPTION PROBABILITIES 


In the formula for the probabilities of transition from the 7 state to the 
j state with the absorption of radiation, B;;= (3.31 X 1087/NxXo)V/Ci/C2, 
we can assign absolute experimental values to every factor except N, the 
number of absorbing atoms, from data already given. To determine JN, 
however, involves the determination of the vapor densities in each case, 
and, since saturated vapor was always used, of the temperature. In 
previous similar investigations of line absorption coefficients the experi- 
ments have been made at low vapor pressures, only the first few members 
of the series being studied, and it was possible to enclose the absorbing 
vapor in a glass or quartz vessel which furnished a definite boundary to 
the absorbing column. Also the temperature could be determined accu- 
rately, the vapor being kept under uniform conditions for long periods of 
time. In the work here discussed this was not possible, since sodium vapor 
at the temperatures desired attacks all known substances transparent to 
ultraviolet light, and.it was necessary to use the dynamic equilibrium 
method common in qualitative studies of alkali vapor absorption, the 
hot vapor being enclosed in a steel tube provided with water jackets which 
cooled the ends and condensed the vapor before it reached the windows. 
The molten pool of sodium in the center of the tube was thus continually 
providing vapor for distillation into the ends, the rate of distillation being 
made slow by small-apertured stops at the ends of the hot portion of the 
tube, and by the presence of a few centimeters pressure of hydrogen. 
In order to get even an approximate value of the pressure it is necessary 
to have recourse to indirect methods. 

The relative number of absorbing atoms in each of the eighteen vapor 
densities studied was obtained with a fair degree of accuracy in the 
manner indicated in the previous paper.? A fair absolute approximation 
for N in any given case could thus be made by assigning upper and lower 
limits to the temperature, devermining the corresponding vapor pressures, 
and balancing the 4.42-fold range of densities between them. It should 
be emphasized that the relative values of N can be determined with an 
accuracy entirely independent of the error in the absolute values. 

Ladenburg and Minkowski” have summarized the available data on 
the vapor pressure-temperature curve of sodium, and from their curve 


"? Ladenburg and Minkowski, Zeits. f. Phys. 6, 153 (1921). ° 
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and the relative values of N obtained from absorption measurements in 
this work the approximate vapor densities were computed. The highest 
pressures used were not over 30 mm, as measured on a mercury man- 
ometer, the cold hydrogen in the manometer and the hot hydrogen and 
hot sodium in the furnace being practically in mechanical equilibrium. 
Ladenburg and Minkowski®™ state that in their experiments on the D- 
lines, the red and yellow absorption bands appeared in a short vapor 
column at temperatures near 400°C, which checks with previous measure- 
ments made on Na vapor by one of the writers. At the lowest density 
used in this work for which reliable relative values of N were obtained, 
the bands around the D-lines were very strong, completely wiping out the 
lines, while the second set of bands around line 3303 was beginning to 
appear. It was possible, however, to get approximate measurements for 
a few lines under conditions close to those used by Ladenburg and Min- 
kowski, and by using their data on the vapor pressure-temperature curve, 
and their observations on the temperature at which the first bands ap- 
peared, the probable range in our experiments was set at 4 mm to 18 
mm of sodium vapor pressure. We will proceed to calculate N on this 
basis, and from it B;; and A;;. Using the gas law, we have for the number 
of molecules per cm’, N=2.71X10!9(273/T°)p/760. We will assume 
the vapor to be monatomic, as is usually done, although forced to amend 
this view later, and taking the case of line 3303 at the highest vapor 
density, we have 7 =863°K., and p=18 mm, so N=2.02X10'’. Then 
since C,=17.9 and C.=1.1, we have B;;=3.31 1057 X4.04/2.02 X10" 
X10 3303 =210!® Also A;;=(5.45 X 108°/N xo") /Ci/C2 = 0.9 X 105. 
This value is for the second line, and the curve connecting A,;; and term 
number was rising so steeply at this point that it was impossible to extra- 
polate to the D-lines with any accuracy. We may take 30, the value of 
(A i;)ss93 /(A ij)3303 Computed by Ladenburg from Bevan’s data, as a 
maximum value; we then obtain roughly (A ;;)ss93 =3 10°. If we assume 
that the a priori probability is proportional to the number of energy 
levels into which the term is split up in a magnetic field, this would 
make A,;; one-third as great. In general, lines of this sort are found to 
have an A,; of the order of 10°. Line 2537 of Hg vapor, on which much 
work has been done, has a probability of about one-tenth this value, 
but this is explained on the basis that it is a combination line. We may 
suppose, therefore, that the value of A;; computed above is perhaps one 
hundredth of the value to be expected. 

On going over the details of the computation and the assumptions 
made, we find that A,; can be increased by making JN or x smaller, or by 





186 G. R. HARRISON AND J. C. SLATER 


making C2 relatively smaller to C;. The main purpose of the previous 
investigation? was to determine the last two factors, and our arguments 
rest on the assumption that the values obtained for them are substantially 
correct. The fact that the relative values of B;; were found to be inde- 
pendent of N is taken to indicate that no large error was made. The 
length of the absorbing column x was uniformly 10 cm, which was the 
distance between the stops in the furnace. The column might have been 
slightly greater in length at higher vapor densities, but it could not have 
been less, as required to increase A jj. 

N could be made less if we assume the temperature to have been taken 
too high, but a number of things make this highly improbable, and at 
best it could only account for a factor of about two. The chief cause of 
the discrepancy may well be the presence of molecular aggregates, which 
were neglected in the above computation and which would give a new 
value of N, only a fraction of the molecules being monatomic and con- 
tributing to the line absorption. In order to make A ;; attain the theoreti- 
cal value, we should have to assume the presence of from ten to 100 times 
as many molecules as atoms, with the most probable figure around fifty. 
That this is not an extravagant assumption we will endeavor to show 
below. 


THE EVIDENCE FOR MOLECULAR AGGREGATES 


Vapor density determinations in the alkali metals are extremely difficult, 
and have generally been carried out at much lower temperatures than 
those used here. There is considerable disagreement between the results 
of different observers, especially at high temperatures, when different 
methods were used. The presence of band absorption can be taken as 


quite certain indication of aggregates of atoms into molecules, and 
Smith'’ has recently analyzed some of the visible bands in Na and finds 
moments of inertia which seem to indicate the presence of Nao. We 
accordingly have here a further justification in assuming the presence 
of a certain number of Naz molecules in the present case, although at 
temperatures below 400°C, where the vapor pressure is about 0.3 mm, 
the number of molecules is unduubtedly smaller than the number of Na 
atoms. The effect of rising temperature is to increase dissociation, but 
where the vapor is saturated, as in this work, the pressure rises faster 
than the temperature, tending to reverse the effect. 

If we were to apply conventional thermodynamics, we should have 
the equilibrium constant, or the ratio of the square of atomic concentra- 


13 Smith, Proc. Roy. Soc. 106, 400 (1924). 
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/RT where a is a con- 


tion to molecular concentration, equal to aT /pe~% 
stant, 8 equals 3/2 if the specific heat of the molecules is (5/2)R, and 
go is the energy required to dissociate a molecule at absolute zero. With 
increasing 7 and p, the factor T® increases, as does also e~%/¥7, if go is 
positive, but », the vapor pressure, increases so rapidly that the whole 
quantity would decrease, for reasonable choice of constants, meaning an 
association into molecules. It sometimes happens, however, that qo is 
negative, in which case we find that the formula permits even so large a 
change as from practically all atoms at 400°C to mostly molecules at 
600°C. Also, if there are many partly formed molecules, these would 
have energy in their internal degrees of freedom, and hence the specific 
heat of the molecules would be greater than (5/2)R, and 6 would be 
reduced. While some exception might be taken to the use of the above 
formula in the present case, it seems to be true that such formulas work 
better than would be expected from the assumptions made in their 
derivation. It is interesting to note that the chemical constants of sodium 
and potassium, as determined by Ladenburg and Minkowski, '* show dis- 
crepancies from the theoretical values larger than for any other monato- 
mic vapor, giving the impression that they may depart appreciably from 
being monatomic even in the region where measurements have been made 
on them with presumably accurate results. 

Approximate photometric measurements on the bands associated with 
line 3303 indicate about fifty times as much total intensity of band 
absorption as of line absorption at 600°C. Then, even if we assume all 
the absorption in the broadened line to have been due to atoms, if the 
molecular and atomic absorption coefficients are of the same order of 
magnitude we have definite indication of many more fairly stable mole- 
cules than of atoms. There seems few data available to test the justifi- 
cation of such an assumption. 

Finally, the intensity of band absorption was measured at various 
vapor pressures, and a function of this which should be proportional to 
the number of absorbing molecules was plotted against the previously 
determined relative numbers of atoms absorbing at the corresponding 
vapor pressures, the latter being plotted as abscissas. These curves 
showed a gradually increasing slope as the vapor pressure increased, 
indicating that the number of molecules was increasing faster than the 
number of atoms. 

We may conclude, then, that the presence of bands indicates with 
certainty that the alkali metal vapors are not entirely monatomic when 


4 Ladenburg and Minkowski, Zeits. f. Phys. 8, 137 (1921). 





188 G. R. HARRISON AND J. C. SLATER 


saturated above 400°C, and that there is good evidence from the relative 
changes in band and line absorption that the number of molecules in- 
creases faster than the number of atoms with increasing temperature. If 
we assume the molecular absorption coefficient to be of the same order of 
magnitude as that of the atom, there must be more molecules than atoms 
at 600°C. In case there are many more molecules than atoms at high 
temperatures, the low values for A;; found in the present work are ex- 
plained; that the spectroscopic data on which these values are based are 
trustworthy is indicated by the fact that the ratios of the A;;’s are found 
independent of N. Although’ it seems a rather forced assumption, and 
we make it only tentatively, it seems worth considering. 

We wish to acknowledge the kindness of Professor E. C. Kemble in 
giving this paper the benefit of his criticism. 

JEFFERSON PHysICAL LABORATORY, 


HARVARD UNIVERSITY, 
March 31, 1925. 
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THE ABSORPTION SPECTRUM OF LEAD VAPOR IN THE 
ULTRAVIOLET 


By R. V. ZUMSTEIN 


ABSTRACT 


Absorption spectrum of lead vapor, 5000 to 2000A-—Using a column of 
vapor about 3 cm long in a carbon tube at various temperatures up to 1600°C, 
absorption was found at 34 lead lines, of which 20 are new. The results may 
be interpreted very well on the basis of the energy diagram given by Thorsen 
and Grotrian. Absorptions were observed only from the normal state 2,4 and 
the metastable states 2p; and 22. The introduction of the 2p; state does not 
seem to be necessary. Additional combinations have been found with the 
terms X,; and Xo. A new term X; (10232) is proposed. Values are suggested 
for the terms 3p, 3p3, 42, 4p3. Evidence is given for interchanging the terms 
3d, and 3d, and for a new series (2p3— mx). 

Arc spectrum of lead.—The spectrum of a 100-ampere Pb arc was photo- 
graphed to 2000A and three new lines measured. The line 2070A may be due 
to silver and 2189A seems certainly to be due to lead and not to bismuth. 


HE previously described method! of obtaining the absorption 
spectra of metallic vapors has been used for lead. 

The absorption spectrum of lead vapor was first studied by McLennan 
and Zumstein.? With an absorption cell, 6 cm long and heated to 750°C, 
they obtained absorption at the wave-lengths 2833, 2170, 2053.8, 2022.6. 
Grotrian*® has recently used an absorbing column of lead vapor 30 cm 
long and heated to 1200°C. He found fifteen absorption lines of wave- 
length greater than 2400A. On the basis of the lead series found by 
Thorsen‘ and his own absorption experiments, Grotrian was able to 
give a classification of the lines which appears to be a great advance 
in our knowledge of the lead spectrum. The terms 21, 22, 2p3 and 2p; 
correspond to metastable states. The normal state of the lead atom corre- 
sponds to the term 2,. 

A very important verification of the Thorsen-Grotrian scheme has been 
found by McLennan, Young and McLay.® They have obtained the arc 
spectrum of lead in the Schumann region and get strong reversals in the 
series (26,—ms) and (26,;—md,). The present éxperiments were under- 


1 Zumstein, Phys. Rev. 25, 523, (1925). 

2? McLennan and Zumstein, Trans. Roy. Soc. Canada, Sec. III, 9, (1920). 

3 W. Grotrian, Zeits. f. Phys. 18, 169 (1923). 

‘ Thorsen, Die Naturwissenschaften 11, 78, (1923). 

®’ McLennan, Young and McLay, Trans. Roy. Soc. Can. Sec. III, 77 (1924). 
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taken to extend Grotrian’s work to shorter wave-lengths and also to 
become more familiar with the type of absorption spectra produced by 
this method. As in the previous experiments,! the absorbing vapor was 
in a carbon tube with open ends and heated with an oxy-acetylene flame. 
The wave-lengths at which absorption was observed are given in Table I. 
The series notation given for each line is based on the Thorsen-Grotrian 
classification. 
TABLE I 


Lead absorption lines observed 








A(1.A.) Series notation| A(I.A.) Series notation 





4057 .826 2p2—2s 2401 .943* 2p3—X, 
3683.471 2ps—2x 2399 .598* 2p2—4de 
3639583 2p3—2s 2393 .802* 2p3—Xs 
2873.324 2p2—3d; 2388.809* 2p2—4d) 
2833 .071 2ps—2s 2332.423* 2p2—4s 
2823. 199 2p2—3d2 2253 .94* 2p2—Sds 
2802 .009 2p2—3d, 2246.891* 2ps—4d2 
2663.173 , 2237 .427* 2ps—4d, 
2657. 105* 2ps—3d; 2218.08* 2p2—5s 
2628.293* 2p2—3s 2189 .606* 2ps—4x 
2614. 200 2p3—3d2’ | 2187.89* 2p3—4s 
2613.678 2p3—3d2 2170.00 2p,1—3d2 
2577.278 2p.—X; 2135.46* 2p2—7di 
2476.390* ls 2115.04* 2p3—5d2 
2446. 196 2p3—3s 2111.76* 2p3—5di 
2443. 840 2ps—3x 2088 . 2* 2p3—5x 
2411.742* 2p2—4d3 2087 .4* 2p3—5s 


* New absorption lines. 











The absorption at 2833 and 2170 appeared at low temperature (about 
700°C) and became very broad at the highest temperature (1600°C). 
At 2399.6 and 2388.8 the absorption was very faint. The absorption at 
2614.and 2613 became somewhat diffuse at high temperatures, all the 
other absorption lines being sharp and easily recognizable. As lead im- 
purities, absorption was found at the copper pair 3247,3274 and the bis- 
muth lines 3067, 2231.3, 2228.6 also at the tin line 2246 and at 2311.7 
which could not be identified. 

A comparison of these results with Grotrian’s paper shows in general a 
confirmation of the series scheme which he gives. The X; term 10371 
which was calculated from one line 262—X, has been supported by the 
combinations 26;—X, 2p3;—X., 26,—X.. This explains the absorption 
of \2022 (2,—X,) at low temperatures. The X2 term 11,622 calculated 
by Grotrian from 2/2—X 2, also combines with 23 and 2p,;. The wave- 
lengths of these combination lines are given in Table III. 

The absorptions at 3262 and 3240, reported by Grotrian, come from 
2p:. In the present experiments no trace of absorption was found at 
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these two wave-lengths nor at any others which originate from the 2); 
state. It would appear that Grotrian used a spectroscope of larger dis- 
persion or that he confused the copper pair (3247, 3274) with the lead 
lines 3262 and 3240. The dispersion of the spectroscope in these experi- 
ments was 6A per mm at A3200. 

Considering these results from the point of view of Saha’s theory of 
temperature excitation, it may be stated that with a column of lead vapor 
at 1600°C and about 3 cm long, we get absorptions from the normal state 
2p, and from the excited states 2p; and 2p2, where 26,—22= 10653, and 
2p;—2p3=7821, but not from the 2; state, where 2$,—2p:=21464. 
These results are apparently in agreement with those of Sur and Ghosh‘ 
on the absorption of potassium vapor at 1200°C. They obtained absorp- 
tion at the subordinate series. This would require potassium atoms in an 
excited state differing in frequency from the normal state by 13000/cm. 
It may be possible to make a detailed, experimental study of Saha’s 
formula in the laboratory with lead vapor, this being an element where 
the excited states can be obtained at temperatures within the limit of 
laboratory methods. Lead has moreover a decided advantage over the 
alkali vapors as its vapor is much more inert chemically. 

It was surprisingly easy to keep the temperature of the carbon tube 
at an intermediate value (about 1200°C) such that while very clear absorp- 
tions were shown at lines coming from the 2); state, there were no traces 
of absorptions from the 22 state. The frequency difference between 2p; 
land 22 is only 2832/cm. 

The 2p; term was introduced by Grotrian to account for the absorption 
at the line 3684 (26;—2s). This term enters into so few combinations 
that a classification is here proposed which does not require the 29; 
term. Plates which were taken at an intermediate temperature and which 
showed absorptions from 23 but not from 22, indicated very clearly 
absorptions at the following unclassified lines: 3684, 2444, 2394, 2189, 
2088.2 and at no others. It is therefore clear that these lines originate 
from a state very near 23. Since the first absorption line 3684 is close 
to 3640 which is the first line of the sharp series (26;— ms), it might be 
expected that if some of these absorption lines formed a new series, the 
members would be very close to the sharp series. That this is true is 
shown by Table II. 

A reference to Rydberg’s Interpolation Table shows that these lines 
do have approximately the separations of a series. Using the last two 
lines of the series and the same table, the limit of the series is found to be 


* Sur and Ghosh, Phil. Mag. p. 60 (Jan. 1925). 
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52008. It is therefore assumed that the series originates from the 2; 
state. 

Of the 34 lead lines which have been observed in the present absorption 
experiments, all originate from the levels 24, 2p; and 22. The only un- 
classified line is 2394. Since this line is observed on plates which show 
absorption lines from 2; but not from 22 and also is not absorbed by 
the vapor at low temperatures, we may conclude that it comes from the 


TABLE II 
New lead series (2p3=51992) 


Values of m: 2 3 4 5 
Sharp series (263;—ms): 3639 2446 2187 2087.4 


New series (263;—mx): 3684 2444 2189 2088.2 
state 2p;. It therefore allows us to calculate a new term X3(X;=10232). 
Following up this point of view we see that the frequency difference 
327, which was noticed by Saunders’ and by Meissner® occurs between 
the states 2s and 2x. This frequency difference was given by Meissner 
for two pairs of infrared lines and for two pairs of visible lines. From these 


TABLE III 


New lead combination lines 








A(I.A.) v(I. vac.) Series notation 


3572.741 27981. 

2401.943 41620. 

2021.96 49440. 

3739.947 26730. 

2476.390 40369. 

2393.812 41760. 

3683.474 27140. 

2443.85 40906. 

2189.61 45655. 

2088 .2 47881. 
10650.8 9386. 

10291 .3 9714. 2x —3p2(?) 
13101.9 7630. 2s —3p3(? 
12563.8 7957. 2x —3ps3(?) 
6011.76 16629. 2s —4p2(?) 
5895.68 16956. 

6235.317 16032. 

6110.57 16360. 

2170.00  46068.5 











four pairs we calculate four more terms: 3f2=15138, 3p3= 16894, 
4p2= 7895, 4p; = 8492. The only reason for calling these terms 3p2, 3p3, 
etc. is that with 2p. and 2; they form a sequence having approximately 
the same term values as those given by Paschen and Gotze® for the mp 


7 Saunders, Astrophys. J. 43, 240 (1916). 
8 Meissner, Ann. der Phys. 71, 135 (1923). 
* Paschen and Gotze, Seriengesetze, p. 144. 
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terms of the spectra of other elements. The values of 3p2, 33, 462 and 
4p; must therefore be accepted with reservation until more evidence 
is available. 

In the Schumann region, McLennan, Young and McLay’ find that 2p, 
combines with all the md, terms but the first and also with the first md: 
term but none of the higher mdz terms. It is therefore possible that we 
should assign 2170 to the position 2p,— 3d, and not 2p4—3d2 as given by 
Grotrian. This would involve interchanging the terms 3d, and 3d2 in 
Thorsen’s series. In Table III are given the new combinations. Those 
which are considered doubtful are followed by a question mark. 

The various term values are collected in Table IV. 


TABLE IV 


Terms in lead series 
v Term v Term 


10232 Ape 7895 2x 
15138 4p; 8492 3x 
16894 3d, 13742 4x 

5x 


EXPERIMENTS WITH A 100-AMPERE ARC 


In connection with these absorption experiments, the lead arc in air 
has been examined. The lower terminal was a carbon rod, 3 cm in diam- — 
eter, with a 2 cm hole drilled out of the center and filled with lead. The 
upper terminal was a 1 cm carbon with the tip about 3 mm from the lead 
surface. With currents of 100 amperes there was a very intense arc 
between the upper carbon and the molten lead. This arc was steady 
and did not exhibit the customary habit of such heavy arcs to wander. 
The spectrum from this arc was examined with a quartz spectroscope 
having a dispersion of 4A per mm in the region of 2100. The line given 
by McLennan, Young and McLay® at 2070.05, intensity 1, was not 
observed. It may be due to silver. They give a list of twenty-three other 
lines between 2020A and 2255A of which twelve were reversed in a heavy 
arc. In a 100-ampere arc all of these twenty-three lines were reversed, 
on an intense continuous background. The line given by them as 2088.4, 
intensity 5R, appeared as a triplet of wave-lengths 2088.2, 2087.4, 2086.8. 
A reversal was also observed at 2110.6 and another of considerable in- 
tensity at 2242.6. 

The line 2189.6 which is of about the same wave-length as a strong 
bismuth line is not usually attributed to lead. I have compared the 
spectrum of lead with that of bismuth, using these heavy arcs. On plates 
which gave the lead spectrum without any trace of the characteristic 
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bismuth pair 2228.6 and 2231.3, the line 2189.6 was of its customary 
intensity. This is evidence that 2189.6 is a lead line and its position in 


the series is given as 2p;— 4x. 
NATIONAL RESEARCH FELLOWSHIP, 
Puysics DEPARTMENT, 
UNIVERSITY OF MICHIGAN. 
April 23, 1920. 
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PHOTO-ELECTRIC IONIZATION OF CAESIUM VAPOR* 
By Paut D. Foote anp F. L. MOHLER 


ABSTRACT 


Measurement of photo-electric ionization in gases——The current from a 
filament, normally limited by space change, is increased by the presence of 
positive ions. As shown by Kingdon this effect may be greatly magnified if 
a small cathode is practically enclosed by the anode so that the ions are im- 
prisoned. This method was used for the detection of photo-electric ionization. 
Besides possessing extreme sensitivity it is unaffected by photo-electric emis- 
sion from the electrodes. 

Photo-electric effect in caesium vapor—The change in thermionic current 
with the unresolved radiation from a mercury arc was measured as functions 
of the applied voltage, filament temperature, and vapor pressure. Then the 
photo-electric effect as a function of wave-length was studied using a mono- 
chromatic illuminator to disperse light from the arc or a Mazda lamp. The 
ionization per unit flux was found to increase with increasing wave-length to a 
sharp maximum at the limit 1s = 3184A of the principal series, as is required by 
the Bohr theory. For longer wave-lengths the ionization decreased to about 
10 percent at 3400A. Photo-excitation. The simple theory does not admit of 
ionization by wave-lengths greater than 3184A but the data are in qualitative 
agreement with the hypothesis that such radiation produces excited atoms 
which upon collision with other atoms acquire sufficient additional energy 
to become ionized. Hence, unlike an x-ray limit, the photo-ionization effect for 
a valence electron is not sharply discontinuous at the true threshold for direct 
ionization. 

Photo-ionization photometer and intensitometer. A tube of the type 
described, with suitable gases for the range of wave-length involved, may be 
used as a photometer or may be calibrated to measure intensity of radiation 
directly. 


HISTORICAL SUMMARY 


"THE status of the subject of the photo-electric effect in vapors, up to 
1922, was summarized in Chapter X of the Origin of Spectra.’ 
Here it was pointed out that while all direct experiments had failed to 
demonstrate the existence of the phenomenon, its presence was indicated 
by the continuous absorption, exhibited by a monatomic vapor, of fre- 
quencies greater than that corresponding to the highest term in the arc 
spectrum. 
Since then much more satisfactory evidence for the continuous absorp- 
tion has been obtained by Harrison? who has made quantitative measure- 


* Published by permission of the Director of the Bureau of Standards, Department 
of Commerce. 

1 Foote and Mohler, Origin of Spectra Chemical Catalog Co., New York. 

2 Harrison, Phys. Rev. 24, 466 (1924). 
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ments of the transmission of sodium vapor. The vapor shows a sharp 
maximum absorption exactly at the-limit 1s =2414A and a decreasing 
absorption toward both shorter and longer wave-lengths. The absorption 
at longer wave-lengths corresponds to the higher members of the princi- 
pal series, while that at the shorter wave-lengths is evidence of photo- 
electric ionization. 

The obvious difficulty in the direct determination of the photo-electric 
effect of vapors by ordinary methods employed for solids arises in the 
photo-electric emission from the electrodes produced by radiation 
scattered in the vapor. These electrodes are usually contaminated by the 
vapor, and since the threshold frequency for the material in the vapor 
state should be much greater than that for the liquid or solid phases and 
probably for adsorbed films, a slight contamination completely masks 
the true photo-electric emission from the vapor. Also, the threshold 
frequencies of most vapors should be considerably higher than those for 
electrode materials even when completely free from an alkali metal. 

Williamson’ reduced these difficulties to a minimum by projecting a 
jet of potassium vapor into a vacuum chamber, and past a carefully 
diaphramed beam of ultraviolet radiation. The presence of positive ions 
in the illuminated stream was determined by the use of accelerating and 
retarding electric fields. Since the amount of ionization produced is 
extremely small, very sensitive measurements with a Compton elec- 
trometer were required, and, in order to obtain high intensity of illumina- 
tion, a Cooper-Hewitt arc with ultraviolet filters was employed. The 
ionization with filters cutting off different portions of the ultraviolet 
indicated that the positive current began somewhere between 2800 and 
3100A while 1s for potassium corresponds to 2856A. Samuel‘ confirmed 
this work with measurements of which the following are typical. Current 
in amperesX10-": no illumination .7; illumination 1.7; with filter 
transmitting to A2804, 1.5; with filter transmitting to (2893, 0.7. 

Kunz and Williams,® using a beam 80A wide from a quartz spectro- 
graph mounted as a monochromator, a quartz arc as source and a three- 
electrode tube in which the electrodes were exposed to scattered radiation, 
obtained, by electrometer drifts, an indication of a photo-electric ioniza- 
tion in caesium between 3140 and 3220A. As will be apparent from the 
results discussed below, the interpretation of the data obtained by these 
investigators is open to question. If the observed current was not due to 


’ Williamson, Phys. Rev. 21, 107 (1923). 
‘Samuel, Zeits. f. Physik 29, 209 (1924). 
5 Kunz and Williams, Phys. Rev. 22, 465 (1923). 
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photo-electric emission from the electrodes, it may have been a true 
photo-electric emission from the vapor excited by the intense 3130 group 
in the Hg source. Under these circumstances, and provided satisfactory 
resolving power was employed, spectral energy curves similar to that 
in Fig. 3 of the present paper should have been obtained. At any rate, 
an accurate determination of the caesium limit cannot be made with 
the radiation from a mercury arc since there is very little radiation 
between 3340 and the intense group at 3130A, while the theoretical limit 
for caesium is 3184A. 

The most recent contribution by Lawrence® reopens the entire subject. 
A method quite similar to Williamson’s was employed but much higher 
precision is claimed and apparently obtained. He concludes that radia- 
tion of wave-length greater than 2610A produces no ionization in the 
jet of potassium vapor while the true photo-electric limit should be 2856A. 
Lawrence suggests that the effect observed was due to the presence of 
potassium molecules in the jet. Harrison and Slater, in a paper in this 
issue, have concluded from an investigation of the absorption spectrum 
that most of the atoms in rapidly distilling sodium vapor are in molecular 
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Fig. 1. Tube for measuring photo-ionization by the neutralization of space charge. 


combination. If the interpretation of Lawrence be correct the present 
status of the subject, as far as the direct determination of the photo- 
electric effect in monatomic vapors is concerned, remains about as de- 
scribed in “The Origin of Spectra.” 


DESCRIPTION OF THE METHOD 


In this paper a new method for the measurement of the photo-electric 
effect in vapors is described which is far more sensitive than any hereto- 
fore applied and which is free from difficulties due to scattered radiation. 
The design of the tube is illustrated in Fig. 1. A small tungsten filament 
is mounted on the axis of a platinum cylindrical electrode which is 
closed at the back except for a small hole through which the filament 
protrudes, and is closed at the front end by a coarse grid. The con- 


* Lawrence, Abstract in Phys. Rev. 25, 584 (1925); complete paper to appear in 
Phil. Mag. The writers express their appreciation for the opportunity of reading this 
paper in the manuscript. 
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taining tube is of quartz with a flat quartz window fused to the front and 
tungsten-glass seals at the back fused in by the use of a quartz-Pyrex 
graded seal. After thorough baking to remove mercury vapor, caesium 
metal was distilled in, and the tube was sealed off from the pump. It 
was then mounted in an oven the temperature of which could be regulated 
to give the desired vapor pressure. Radiation from various sources such 
as a concentrated-filament tungsten lamp, mercury arc, etc., was analyzed 
by a quartz monochromator and directed into the cylindrical enclosure. 
This was maintained at a potential slightly positive to that of the hot 
wire. The latter was so operated that the thermionic current was nor- 
mally limited by the negative space charge, so that the formation of 
ions by any method tended to neutralize this space charge and permit 
the flow of more electrons from the wire. Kingdon’ and Hertz’ discovered 
this method independently of each other and applied it for the detection 
of ions produced by electronic bombardment. However, Kingdon con- 
sidered the subject in much greater detail and pointed out just why the 
method is capable of such extreme sensitivity. In general, the ion will 
possess a tangential velocity component, on account of its thermal 
agitation. It is repelled by the positively charged outer electrode but 
like a comet entering our solar system, cannot fall into the negatively 
charged wire, provided this is of sufficiently small dimensions, since it 
possesses angular momentum with respect to the wire. In a high vacuum 
the ion therefore traverses a rosette-shaped orbit about the filament and 
is imprisoned in the enclosure. When the vapor pressure is increased, the 
path of the ion is, of course, altered by collision; however, the imprison- 
ment effect still exists. On account of the low mobility of an ion compared 
to an electron, each trip across the tube neutralizes the space charge of 
from 100 to 800 electrons, depending upon the vapor. Kingdon actually 
detected as many as 350 trips so that the high sensitivity of the method is 
apparent. 

Foote and Meggers® in 1920 pointed out that a comparatively cool 
metal surface in the presence of caesium vapor is a copious source of 
electrons. The explanation of this phenomenon in connection with the 
work function of the metal is due to Langmuir and Kingdon" who have 
completely developed the theory and use of caesiated filaments. At 
temperatures below a red heat tungsten in the presence of caesium gives 
electron currents as high as 0.3 amp./cm?. The tungsten filament used 

7 Kingdon, Phys. Rev. 21, 408 (1923). 
8 Hertz, Phys. Zeits. 18, 307 (1923). 


* Foote and Meggers, Phil. Mag. 40, 94 (1920). 
10 Langmuir and Kingdon, Phys. Rev. 21, 380 and 381 (1923); Science 57, 58 (1923). 
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in the present work was about 0.015 cm in diameter and 2 cm long. The 
saturation current was therefore of the order 28 m-amp., while the 
current limited by the space charge may be roughly estimated from the 
equation for the current to a long cylinder from a wire along the axis," 


as follows: 


2/2 /e IV3!? Lys! 
i=—— 4/ — —— = 14.68X10-*—— amperes. 
9 m rp? rp 
Here | is the length of the cathode, r the radius of the cylinder, V the 
potential in volts and 8 a complicated function of rr) where ro is the 
radius of the cathode. The quantity 6 is nearly unity, /=2 cm; r=1.5 cm 
so that 7 at 2 volts is computed to be 5.5X10-° ampere; our observed 
value was 5 X10-°, assuming an initial correction of one volt. 

Langmuir and Kingdon have shown that on account of the low ioniza- 
tion potential of caesium and the high work function of tungsten, caesium 
atoms, evaporated from the filament, leave as positive ions. In order to 
avoid the neutralization of the space charge by this effect it is essential 
to operate the filament at as low a temperature as possible. On the other 
hand the temperature must be sufficient to give a thermonic current 
which is limited by space charge. There is, accordingly, only a narrow 
range of filament temperatures over which the tube is a sensitive detector 
for photo-electric ionization. No difficulty was experienced from this 
source, but had there been trouble a filament of lower work function 
might have been utilized. 

Since the current without illumination of the vapor is limited by the 
negative space charge, any ordinary photo-electric emission from the 
walls or even from the filament itself has no effect."* The tube is sensitive 
only to the presence of positive ions. 


ILLUMINATION WITH UNRESOLVED RADIATION 


A preliminary test of the method was made by the use of the direct 
radiation from a quartz mercury Labarc, and current-voltage curves 
were obtained for various filament temperatures and vapor pressures of 
caesium, both with and without radiation. The increase in thermionic 


11 Langmuir and Blodgett, Phys. Rev. 22, 347 (1923). 

2 This statement assumes the validity of the simple space charge equation in which 
initial velocities are neglected. Some of the photo-electrons liberated by quanta of 
frequency very much higher than the photo-electric threshold of the metal may have 
velocities sufficient to carry them through the space charge. Under our working condi- 
tions this contribution to the observed current was negligible. The total photo-electric 
current from the cold filament was less than 10-* ampere even with the unresolved 
radiation from the mercury arc. 
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current when radiation is directed into the tube becomes greater the 
higher the vapor pressure and the larger the filament emission. Changes 
of more than a milli-ampere were observed, and the tube characteristics 
indicated that much larger effects could be secured under easily realizable 
experimental conditions. 

Fig. 2 shows a group of current-voltage curves with and without 
radiation and with several filament temperatures. The tube was operated 
at 135° C, giving a vapor pressure of about 0.007 mm Hg. The section 
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Fig. 2. Current voltage curves in caesium vapor at 135°C. ABCD and ABE repre- 
sent thermionic currents for different filament temperatures, without illumination. 
Curves above AB show currents with the vapor illuminated by a mercury arc. Satura- 
tion for the filament emission is indicated by the figures over each curve. The inset 
shows the photo-ionization effect as a function of filament emission. 


AB of the lower curve represents the current as limited by space charge 
without illumination, and was practically the same for all the filament 
temperatures employed. Near B at an applied potential of about 2.7 
volts, ionization by electron impact begins. There is an initial potential 
correction of about 1 volt. The section BCD represents the current- 
voltage relation for only the lowest filament temperature. This current 
approaches a nearly constant saturation value below 6 volts. At higher 
temperatures of the filament the current rises more rapidly from B, 
reaching saturation at approximately the same voltage at a point far 
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above the scale of the drawing. The section BE represents roughly the 
initial rise for all other filament temperatures. The curves above and 
approximately parallel to AB were obtained with illumination from the 
arc, the figures over each curve giving the saturation current above the 
ionization potential. The change in current with radiation is nearly 
independent of the voltage below the ionization potential but rapidly 
approaches zero when ionization by electron-impact occurs. The manner 
in which the change in current due to radiation increases with the emissive 
power of the filament is illustrated by the inset of Fig. 2, which gives 
the change in current at 1 volt applied potential as a function of the 
saturation current. .The change in current, due to radiation, as a function 
of the vapor pressure of the caesium, is illustrated by Table I. These 
values apply for a saturation current of 2X10-‘ ampere. The actual 
current at 1 volt, as limited by space charge, was 5X10~°. The ratio of 
the currents with and without radiation was purposely made small. 


TABLE I 


Change in current due to radiation as a function of vapor pressure. 


Temperature Pressure Change in current 
95°C 0.64 bars 0.7 10-5 ampere 


108 1.5 1.1 
135 9.7 : 
145 12. 
170 43. 

For the sensitive detection of radiation the relative change in thermionic 
current should be as large as possible. The curves in Fig. 2 show that, 
other conditions remaining constant, the ratio of the currents with and 
without illumination increases as the potential decreases. The most 
satisfactory sensitivity was obtained when the outer electrode was 
slightly less than 1 volt positive to the effective portion of the filament, 
which in view of the 1 volt initial correction, required a few tenths of a 
volt negative applied potential. The curves of Fig. 2 show an increase 
in sensitivity with filament temperature but, as already pointed out, 
there is a sharp limitation to this relation when an appreciable evapora- 
tion of ions occurs. It was found advisable to operate the filament at 
about 700°C. 


MONOCHROMATIC ILLUMINATION 


A Hilger ultraviolet monochromator with an aperture ratio of about 
f7 at 43000 was employed. Both slits were set at 0.01 inch for most of the 
work. The caesium tube was heated to 180°C, corresponding to a vapor 


48 Langmuir and Kingdon, Proc. Roy. Soc. 107A, 61-79 (1925). 
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pressure of 0.045 mm Hg. The filament temperature was adjusted for a 
saturation current of 0.01 ampere and the applied potential was —0.5 
volt. When especially high sensitivity was required the thermionic 
current without illumination, of the order 10-* ampere, was compen- 
sated by a potentiometer circuit. 

The photo-electric ionization by the mercury arc is shown in Fig. 3. 
The lower curve gives the increase in current as a function of wave 
length, in this particular case amounting to 610-7 ampere at 3130. 
Superposed on the curve is a plot of the mercury spectrum. The upper 
curve gives for comparison radiometric data roughly copied from a 
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Fig. 3. Lower curve shows change in current with illumination by mercury arc lines 
as a function of the monochromator setting. Vertical lines superposed on this curve 
show the positions of the strong arc lines. The upper curve is a rough copy of radiometric 
data for the mercury arc. 
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paper by Harrison and Forbes.“ The two sets of data are, of course, not 
strictly comparable. The photo-electric ionization is almost zero for 
wave-lengths greater than 3130 but is well pronounced for this group 
and for the mercury lines of higher frequency. As already mentioned, 
the mercury spectrum is deficient in radiation near the 1s limit for caesium 
(A3184) and hence is not at all a suitable source of radiation for the 
present requirements. However, the small current observed between 
43130 and 3400 is a true photo-electric effect, as is demonstrated later, 
and is not due to scattering of radiation by the monochromator. 


4 Harrison and Forbes, J.0.S.A. and R.S.I. 10, 1-18 (1925). 
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Curve I of Fig. 4 illustrates the effect observed when a 600 watt glass 
Mazda lamp was used as a source, the slit width, 0.01 inch, being the 
same as for Fig. 3. The absorption of the glass is practically complete 
near 3000A. The energy distribution of this source was roughly estimated 
by assuming that the tungsten radiated as a gray body at 2700°C and 
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Fig. 4. I. Change in current versus wave-length for illumination by a mazda lamp. 
II. Transmission of sample of glass; circles determined by photo-ionization; crosses by 
standard method. III, 1VandV. Radiation effect per unit radiation energy. The upper 
base line is the zero for III. 
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the values so obtained were corrected by use of spectrophotometric data 
on the transmission of the glass from a similar lamp. These data were 
further corrected for the dispersion of the monochromator. Curve III, 
thus derived from Curve I, shows the radiation effect per unit energy 
flux from the monochromator, and Curves IV and V represent similar 
but independent experimental data. 
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The form of these curves was at first surprising. While the maximum 
ordinate almost exactly coincides with the limiting frequency 1s, the 
decrease to the left of the maximum is not nearly so rapid as should be 
expected if there existed for the vapor a sharply defined photo-electric 
threshold. On the long wave-length side of this threshold value the 
drop from the maximum should be just as abrupt as for a strong mono- 
chromatic line such as 3130 in Fig. 3. 

While Fig. 3 shows no evidence for impurity due to scattering by the 
monochromator system the following test was made with the mazda lamp 
as source. The photo-electric ionization effect was measured at various 
wave-lengths with a sample of glass of known transmission interposed and 
removed. From these observations the effective transmission coefficient 
of the glass was obtained. The results of this method are plotted as 
circles in Curve II of Fig. 4 while transmissions by a standard spectro- 
photometric method" are indicated by crosses. The agreement is quite 
satisfactory. The transmission at 3184A is less than 5 percent so that 
scattered light of shorter wave-length would have been almost com- 
pletely absorbed, thus making our observed transmissions too low. This 
confirms the existence of a photo-electric effect for the longer wave- 
lengths and incidentally suggests that the tube employed may prove 
useful in ultraviolet photometry and intensitometry. 

The form of the photo-ionization curve on the short wave-length side 
is not so certain. The computation of the energy distribution is unreliable 


near the transmission limit of the glass. The acetylene flame was found 
too weak for precise measurements although one point at 2950A has been 
plotted on Curve III. A straight line has been drawn through all the 
values for wave-lengths less than 3160A, but evidently this linear relation 
cannot be extrapolated since the sensitivity at 2537 is comparatively 
high, as shown by Fig. 3. 


INTERPRETATION OF RESULTS 


Curve I of Fig. 5 illustrates the type of absorption observed near an 
x-ray limit. With high resolving power the edge of the band at the limit 
is sharply defined and there is satisfactory evidence that the energy 
absorbed is expended in ionization in the manner required by the Ein- 
stein photo-electric equation. Curve II illustrates the type of absorption 
observed near the limit 1s of the principal series of an alkali vapor. This 
is a schematic adaptation for caesium of data for sodium by Harrison." 

% These measurements were made by Dr. K.-S. Gibson of the Colorimetry Section, 


Bureau of Standards. 
16 Harrison, Phys. Rev 24, 466-77 (1924). 
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The unresolved line absorption on the long wave-length side merges 
into the continuous absorption beyond the limit so that the general 
appearance of the curve is quite different from that obtained in the 
x-ray region. Interpreted on the basis of Bohr’s theory, the absorbed 
energy of frequency higher than the limit 1s produces ions; the absorption 
of lower frequencies produces atoms in various states of excitation. These 
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latter being neutral should not be detected by the present method of 
analysis so that unless some secondary process occurs, the drop in the 
photo-ionization curve should be abrupt as in the case of an x-ray limit. 
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The secondary phenomenon effective is the ionization by collision of 
excited atoms. 

At the temperatures and pressures employed in this experiment the 
average duration of the mean free path of a normal caesium atom is 
comparable with the life of an atom in an excited state.'’ Since the size 
of an atom rapidly increases for the higher stages of excitation, the mean 
period becomes smaller, and in general an excited atom will collide with 
another atom before it has had time to radiate. The relative kinetic 
energy of the two colliding atoms may suffice to complete the process of 
ionization. Thus, a collision at the r.m.s. speed for 180°C involves 
kinetic energy sufficient to ionize a caesium atom in the 15 state, a 
state which is produced by the absorption of 3231A, nearly 50A beyond 
the proper threshold value. From simple kinetic theory, the fraction 
F of the total number of collisions in which the translational energy of 
one atom relative to the other is greater than Ey ergs has the form 


F=[14(3.64/T) Eo * 10° Je~(3-64/7)B.10". 


If Eo represents the work required to ionize a caesium atom from an 
excited p state, one finds, for example, that 93 percent of the collisions 
at 180°C may produce ionization from the 20p state, the latter condition 
following the absorption of 43210. Similarly, 30 percent of the collisions 
may effect ionization from the 8p level, this state following absorption 


of \3348. Curve IV of Fig. 5 shows the fraction F plotted against the 
wave-length 1s—mp. It therefore represents a controlling factor in the 
probability of ionization from an mp state produced by absorption of the 
radiation 1s—mp. This incomplete probability function has almost 
exactly the same form as the observed photo-ionization data, Curve III. 
The two graphs have been displaced vertically to avoid confusion. The 
quantitative agreement is fortuitous, since several factors entering into 
the exact form of the probability curve have not been considered; for 
example, the absorption coefficient of the vapor, the life and the mean free 
path or time of an excited atom. However, the computations show at 
least qualitatively that interatomic collisions can account for the observed 
ionization on the long wave-length side of the threshold. 

These considerations show that the setting in of ionization whether 
by radiation or by electron impact cannot be sharply discontinuous 
under any effective experimental conditions. Much jiower pressure, and 
resulting decrease in sensitivity, may make ionization by interatomic 
collision inappreciable, but even then photo-ionization by infrared radia- 


17 Estimated as 1.4X10-* sec. for sodium; cf. Ellett, J.0.S.A. and R.S.1. 10, 437 
(1925). 
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tion may play an important réle. The radiation corresponding to the 
maximum intensity from a black body at 180°C has a frequency sufficient 
to ionize a caesium atom from the 8 state. 

An investigation of the relative importance of the ionization of excited 
atoms by heat radiation and by interatomic collision will require data 
similar to Fig. 4 for various pressures and temperatures. It is important 
to investigate the exact form of the photo-ionization curve on each side 
of the maximum. Possibly with higher resolution the curve on the long 
wave-length side will show secondary peaks corresponding to the succes- 
sive members of the principal series. It is evident that the general method 
described is applicable to many problems in cumulative ionization. 

In conclusion, the writers desire to thank Dr. Sebastian Karrer of the 
Fixed Nitrogen Laboratory for the loan of the quartz monochromator and 
Mr. R. L. Chenault for assistance in making the observations. 


BUREAU OF STANDARDS, 
WASHINGTON, D. C. 
May 15, 1925. 
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THE RELATIVE IONIZATION IN DIFFERENT GASES FOR 
SLOW-MOVING ELECTRONS 


By WILLIAM P. JEssE 


ABSTRACT 


A uniform beam of electrons was obtained by allowing thermions from a tung- 
sten filament to fall through a given potential difference between the filament and 
a perforated plate and to pass through the plate into a short region devoid of 
strong electric fields. There, due to the energy acquired, they ionized the gas 
present, the positive ions being caught on a concentric ring element and the 
electrons themselves on a plate opposite the perforated plate. With the pressure 
low enough to prevent secondary effects the ionization was determined for elec- 
tron energies ranging from 20 to 300 volts. With increasing electron energies 
the ionization in each gas was found to reach maximum at the following volt- 
ages: for He 140, Ne about 220, A 100, CO 120 and N¢, 100 volts. For 200 
volts the relative ionizations at 1 mm pressure, with reference to that in Ne 
taken as 1.0, are: He .91, He .48, CH, 3.5, N2 3.2, CO 3.45, A 4.1. The results 
are in good agreement with those of Hughes and Klein, except that the value for 
argon is 0.7 higher. A second maximum was observed in each case at 350 to 400 
volts which was probably due to secondary rays, but is not completely un- 
derstood. 


ECENTLY Dushman! and Found from their studies with the 

ionization gauge, using potentials between 125 and 250 volts, have 
concluded that, in general, ionization by electrons in various gases is 
approximately proportional to the number of electrons in their respective 
molecules. This result is rather surprising and difficult to understand 
because it implies that the chances for ionization depend only on the total 
number of electrons, irrespective of the fact that the energy necessary 
to knock out an electron from various atoms and from different parts 
of the same atoms, varies greatly. It seemed desirable, therefore, to 


study this result using slow-moving electrons of constant velocity 
throughout their path. After the investigation reported in this paper 
was completed, a paper by Hughes? and Klein dealing with the same 
subject, appeared. The results in general confirm those of Hughes and 
Klein, but differ in some respects. The method used differs from theirs 
in that the ionization was produced by electrons of approximately 
constant velocity. 


1 Dushman and Found, Phys. Rev. 23, 734 (1924); also Dushman, The Production 
and Measurement of High Vacuum, Gen. Elec. Rev. (1922). 
* Hughes and Klein, Phys. Rev. 23, 450 (1924). 
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The general method employed was to obtain electrons of uniform 
velocity by allowing thermions to fall through a given potential difference, 
and then to pass these into a region devoid of strong electric fields, where 
owing to their speed, they were able to produce ionization in the gas 
present. The electrons themselves and any negative ions formed were 
collected on a plate and the positive ions, produced in the given region, 
were caught on another collector. For a given accelerating potential 
and gas pressure, the ratio of the positive ion current to the electron 
current gives a measure of the ionization in any particular gas. For a 
given gas the ionization could also be obtained as a function of the 
accelerating potential. 

In order to observe the ionization due to the primary electrons alone, 


it was essential to use very low gas pressures, from 1 to 200 10-> mm. 
Under these conditions only one in a large number of primary electrons 
actually made an ionizing impact. For the same reason the ionization 
produced by secondary electrons ejected from the atoms of the gas was 
a negligible part of the whole. The space charge in the region considered 
was kept quite low by using electron currents of the order of 20 micro- 


amperes. 


APPARATUS 


After a preliminary trial of tubes of various designs, the following 
type was adopted (Fig. 1). The tube itself was 8 cm in diameter and was 
made of Corning G-702-P glass. The source of electrons was a tungsten 
filament 7, welded to tungsten leads 1 mm in diameter. The filament 
was enclosed in a molybdenum cylinder C, 2 cm in diameter, and was 
placed close to a small circular hole through which the electrons passed. 
The diameter of this hole was 1.5 mm. The plate P was of molybdenum, 
and the collector M for positive ions was a tungsten wire bent to form a 
circle around the aperture. To protect the collector from the possibility 
of direct impact from electrons, a small cylinder was spot-welded to the 
larger cylinder and completely surrounded the hole. In most of the 
experiments, the distance from the plate to the top of the small cylinder 
was 7 mm, and this was considered the length of path from which positive 
ions were gathered. All the elements in the tube were supported by double 
leads in order that the latter might be further heated by an electric 
current during the process of baking the tube. 

The tube was directly attached to a liquid air trap which was connected 
to a McLeod gauge and could be connected to a diffusion pump. A pres- 
sure as low as 10-° mm could be read easily on the gauge. The apparatus 
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other than the tube was made of Pyrex glass so that it might be heated 
to drive off gases and moisture from the walls. 

Electrical connections. During all the experiments the positive terminal 
of the filament was kept grounded. The cylinder and plate were main- 
tained at the same potential and the combination was always kept 
positive with respect to the filament. The collector of positive ions 
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Fig. 1. Diagram of experimental tube. 


was kept negative with respect to the filament. The electron current 
to the plate P was measured with a micro-ammeter, the positive ion 
current to the collector with a high sensitivity galvanometer. These 
instruments were calibrated from time to time during the course of 
the experiment. 

Preliminary manipulation. The apparatus was so constructed that all 
parts could be surrounded by electric ovens and baked at a temperature 
of 450° C. Asa rule such a general heating was necessary only occasion- 
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ally. Before every series of runs, however, the oven was placed over 
the tube and liquid air trap with only a few inches of the latter projecting 
beneath, and a temperature somewhat below the softening point of the 
glass was maintained for half an hour. The lower end of the trap was 
then immersed in liquid air and the heating continued for another half 
hour. During this latter period all the tungsten leads in the tube were 
heated to a dull red heat by means of an electric current, and a hand 
torch was played upon all parts of the apparatus outside the oven. 
The oven was then removed without disturbing the liquid air trap. 
Next the tube elements were heated to a bright red heat by means of a 
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Fig. 2. Relation between positive ion current in galvanometer divisions and 
pressure, with 200 volts accelerating potential. 


high frequency inductive-heating device, and then the trap was sub- 
merged as deeply as possible in the liquid air. During the course of the 
experiments the liquid air was always kept at this latter level. 

In order to determine the efficacy of the treatment described above, 
control runs were taken during the course of the experiments to test for 
an evolution of gas from the apparatus. The system was pumped out 
and sealed off, and the filament allowed to remain lighted for a time equal 
to the average time of a run. No evidence of an evolution of gas was 
perceptible either by the McLeod gauge or by the registering of a positive 
ion current by the galvanometer. 


OBSERVATIONS 


The ionization in a gas was measured under two different sets of 
conditions—(1) when all quantities were kept constant except the pressure 
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(Figs. 2, 3); and (2) when all quantities were kept constant except the 
accelerating potential for the electrons (Figs. 4 and 5). In the first 
of these series of observations the cylinder and the plate were kept at 
the same potential of 200 volts positive with respect to the filament and 
the collector of positive ions 40 volts negative with respect to the filament. 
The electron current to the plate was kept constant by regulating the 
temperature of the filament. The pressures were read with the McLeod 
gauge, and the corresponding positive ion currents with the galvanometer. 

Since the collecting ring drew positive ions from the region between the 
cylinder and plate, one might expect the energies of the ionizing electrons 
to be modified to a certain extent by the field due to the collector. To 
determine whether this introduced a serious error, preliminary runs 
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Fig. 3. Relation for hydrogen and neon between positive ion current, in galvanometer 
divisions, and pressure, with 200 volts accelerating potential. 


were made with the collector at different negative potentials. These 
varied from —5 to —40 volts with respect to the filament. If the field 
due to the collector had much effect in accelerating the electrons, the 
curves shown in Figs. 4 and 5 should be shifted along the voltage axis 
as the collector potential was changed. No such shift was observed. 
The maximum with —5 volts was the same as for —40 volts. Moreover 
no important change was apparent in the early portion of the curves 
where.the ionization changes rapidly with small changes in accelerating 
potential. The only difference between the curves taken at —5 and at 
—40 was that the ordinates throughout the latter were a few percent 
greater than in the former. Since no shift was observed on thus changing 
the collector potential, it was considered that, though a small field did 
exist between the cylinder and the plate due to the collector, the effect 
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of this field in accelerating the ionizing electrons introduced no serious 
error. 
With the pressure of the gas so low that the electron in its passage 
~ could make ionizing impact with no more than one molecule, the positive 
ion current should be directly proportional to the pressure, and this was 
found to be the case, as is shown in Figs. 2,3. In these experiments the 
value of the positive ion current was from 1/100 to 1/1000 of the electron 
current, so the chance of a second ionizing encounter was negligible. 
The effect of the ionization produced by the ejected electrons was, for 


the same reason, negligible. 
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Fig. 4. Relation between positive ion current and electron energies in volts; 
pressure .001 mm. 


When the speed of the electrons was varied by changing the accelerating 
potential and the other conditions were maintained constant the curves 
in Figs. 4 and 5 were obtained. These have all been reduced to a 
common pressure of 1/1000 mm. The ionization is seen to increase 
rapidly at first and after rising to a maximum to decrease slowly until 
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a sudden second increase takes place. The cause of the second sharp 
rise will be discussed later. 

The neon used was obtained from the Linde Air Products Company 
and was considered by them to be very pure. It was examined spec- 
troscopically in this Laboratory, especially with regard to the presence 
of helium, and neither visual observation nor a photograph gave any 
indication of impurities. Since neon was found to give quite consistent 
results, it was chosen as a reference gas and the relative ionizations 
in other gases were reckoned in terms of it. It may be said that the ratio 
between the ionization in two different gases was much more constant 
than the absolute magnitude of the ionization in either one. Once or 
twice it was necessary to open the tube to replace a burned out filament 
or for some other cause, and it was not possible to replace the elements 
in exactly the same position. This introduced a measure of uncertainty 
in the estimation of the length of electron path from which positive ions 
were drawn. Such a variation should affect the absolute values but not 
the relative values. The agreement obtained for the latter throughout 
the experiment was always very good. 

The ionization voltage curve for neon, beginning at 20 volts, shows a 
gradual rise up to 150 volts and then an almost horizontal portion with 
an ill-defined maximum at about 220 volts. 

The helium was purified by repeatedly passing it over charcoal im- 
mersed in liquid air until the spectrum showed nothing but sharp lines 
against a black background. Helium gave the least ionization of any 
gas used, the average ionization at 200 volts with respect to neon being 
0.487. The curve for varying electron energy shows no ionization until 
28 volts is reached. There is then a rise, sharper than in the case of neon, 
up to a‘maximum at 140 volts. 

The argon used was obtained from the Nela Research Laboratory 
and originally contained something less than one-half percent of im- 
purities. It was further purified by the action of an arc between calcium 
electrodes. The ionization in this gas was found to be quite large. The 
value at 200 volts, determined from a number of trials, was 4.15 times 
that with neon under the same conditions. With increasing electron 


energies ions were first formed at 18 volts and a maximum ionization 
was obtained at 100 volts. 

Carbon monoxide was prepared by heating recrystallized oxalic acid 
in a glass tube. The water and COz were removed by passage through 
phosphorus pentoxide, finely divided potassium hydroxide, and lastly 
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through a liquid air trap. The ionization of carbon monoxide at 200 volts 
was to that of neon in the ratio of 3.45 to 1. Ionization first became 
apparent at 20 volts (Fig. 5), after which the curve rose rapidly to a 
maximum at 120 volts. The rate of decrease after this maximum was 
much greater than in the curves heretofore examined. 

Hydrogen was prepared by the electrolysis of phosphoric acid and was 
thoroughly dried by passage through phosphorus pentoxide and a liquid 
air trap. The gas was most difficult to work with on account of the 
rapid “clean-up” effect of the tungsten filament. Nevertheless, for the 
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Fig. 5. Relation between positive ion current and electron energies in vo‘ts; 
pressure .001 mm. 

ionization at 200 volts readings were obtained which leave no doubt 
as to the order of magnitude of the results (Fig. 3). Since the gal- 
vanometer sensitivity was quite different in this case, a neon curve is 
shown for reference. It may be noted that the ionization is not far dif- 
ferent for the two gases. It was not possible to keep the pressure constant 
long enough to make a run with variable voltage. 
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Methane was prepared by a gentle heating of a mixture of sodium 
acetate and barium oxide. The resultant gas was passed over phosphorus 
pentoxide, potassium hydroxide, and through a trap immersed in liquid 
air. The ionization curve for 200 volts for this gas was almost coincident 
with that for carbon monoxide. The ionization relative to neon was 
found to be 3.50. An accidental contamination of the supply of gas 
prevented any trial being taken with varying electron energies. 

Nitrogen was prepared by the action of bromine water on ammonium 
hydroxide according to a method devised by Waran.* The ionization 
at 200 volts was found to be 3.19 times that with neon under similar 
conditions. The ‘‘clean-up”’ effect in nitrogen, though smaller than in 
hydrogen, prevented the taking of as accurate a variable voltage curve 
as could be desired. However a maximum ionization was indicated at 
about 100 volts. Constant potential curves with varying pressures, 
similar to those taken at 200 volts, were also taken for this gas at 100 
volts and 250 volts. The values obtained are given in the last column 


of Table I. 
DISCUSSION OF RESULTS 


It will be seen that all the variable voltage curves have the same 
general shape. The formation of ions begins when the accelerating 
potential for the electrons is equivalent to the ionization potential of 
the gas in question. It may be noted that these threshold values are in 
good agreement with more accurately determined values when we con- 
sider that no attempt was made to obtain extreme accuracy at this part 
of the curve. 

The electron energies, expressed in equivalent volts, for maximum 
ionization in the different gases are as follows: 

Helium Neon Argon CO Ne 

140 220 100 120 100 
After the maximum is reached in each case, the ionization decreases as 
the energy of the ionizing electron increases, according to an almost 
linear relation. This decrease is not strange when we consider that there 
are two factors which play an important réle in the process of removing 
an electron from an atom. The first of these factors is the energy of the 
impinging particle; the second is the time during which the particle is 
in the neighborhood of the electron to be removed. In the early part 
of the curve the first of these factors seems the predominant one and the 


ionization rises to a maximum as the energy of the particle increases. 


3’ Waran, Phil. Mag. 42, 246 (1921). 
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After this the chance of ionization seems more dependent upon the time 
factor, being smaller as the time of proximity between electron and atom 
decreases. 

The sudden rise in the curves in the region of 300 volts is somewhat 
perplexing. It cannot be attributed to the beginning of ionization in 
another ring of electrons, since the position of the break may vary by 
twenty or thirty volts in different trials with the same gas and, moreover, 
occurs in helium which has no second ring of electrons. The ionization 
is therefore due most probably to some secondary emission in the tube 
itself. 

If secondary electrons were emitted from the plate P (Fig. 1) under the 
bombardment of the primary electrons, they would give no effect until 
they had arrived at the energy required for ionizing the particular gas 
in the tube. As their energies further increased the ionization due to 
them would rapidly mount, and with still further increase in energy we 
should get a repetition of the primary ionization curve on a smaller scale. 


If a similar smaller curve were superimposed upon each of the main 
curves in Figs. 4 and 5, we should obtain approximately the results found 
experimentally. The varying position of the break for the same gas 
might, on this hypothesis, be attributed to changes in the surface of the 


plate produced by occluded gases, heat treatment and similar causes, 
which might affect the velocities of the emitted secondary electrons. 
In fact, it was observed that a prolonged glowing of the plate at a red heat 
had the effect of causing the break to move toward higher potentials. 

The above explanation is not wholly satisfactory. It neglects the 
distribution in velocities of the secondary electrons and has other weak 
points. However, after carefully examining other possible causes, the 
writer is firmly convinced that the effect is due to ionization produced 
by secondary electrons from the plate, though perhaps not by precisely 
the process described above. 

An attempt was made to estimate the amount of secondary emission 
from the plate by making the collecting ring positive with respect to it 
in a gas-free tube.. For an accelerating potential of 280 volts a secondary 
electron current was obtained of about 12 percent of the primary electron 
current. Fully half of these electrons could be stopped by a retarding 
potential of 10 volts. No very satisfactory results could be obtained on 
account of the complication of tertiary electrons from the collector itself. 
Hence it is somewhat difficult to estimate the effect of secondary emission 
upon the measured ionization but it is believed to be small up to 300 volts. 
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THE RELATION BETWEEN THE RELATIVE IONIZATION AND THE NUMBER 
OF ELECTRONS IN THE MOLECULE 


In Table I are collected the various values for the ionization relative 
to neon. Under each gas is given the ratio of its ionization to that of 
neon under similar conditions for the acceleration potential given in 
the first column of the table. 

TABLE I 


Ionization relative to neon 


Accelerating Neon Helium Argon CO H. CH, N2 

potential 
0.487 3.45 
0.472 .9: .46 
0.661 ; 23 
0.563 , : 3.9 
0.447 : t 3.0 
0.437 3.34 ; ee 


0.91 3.50 3.19 


In the first horizontal line of the table are given the ratios derived 
from the slopes of the linear ionization-pressure graphs, which were 
taken throughout at 200 volts only. These results are the most accurate 
of the whole investigation since they represent the average of quite a 
number of trials taken at this one voltage, and each trial gives the average 
of some six or eight plotted points. The trials checked among themselves 
within three or four percent. 

In the second and succeeding lines of the table are recorded ratios ob- 
tained from the ionization-voltage curves (with the exception of those for 
nitrogen where on account of the troublesome clean-up effect ionization- 
pressure curves were taken for the voltages indicated). A strict propor- 
tionality between ionization and pressure has been shown to exist at 
200 volts, and similar results were obtained for 100 and 250 volts. The 
values of the ratios given in the second and succeeding lines were taken 
from the curves shown in Figs. 4 and 5 and have been verified by other 
trials. Although this method does not yield results quite so accurate as 


TABLE II 
Relative ionization divided by the number of electrons in molecule 

Accelerating Neon Helium Argon CO H2 CH, Ne 
potential (10) (2) (18) (14) (2) (10) (14) 
200 0.10 0.243 0.230 0.246 0.455 0.350 0.228 

200 0.10 0.236 0.218 0.247 

50 0.10 0.331 0.510 0.445 
100 0.10 0.281 0.304 0.329 Paani 0.280 

250 0.10 0.224 0.196 0.223 

300 0.10 0.218 0.185 0.204 


those obtained from the slopes of the lines, nevertheless the agreement 
between the values in line two and line one is very good, the maximum 
variation being 5 percent. 
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In Table II are given the results of dividing the relative ionization 
values for each gas in Table I by the number of electrons in its molecule. 
If the ionization is proportional to the number of electrons, the ratio 
indicated should be a constant in each horizontal line. It is evident that 
such is not the case, the widest variations occurring in the cases of neon, 
hydrogen and methane. The values of ionization for hydrogen and helium 
have been observed by Dushman and Found with the ionization gauge 
to be approximately twice as great as the relation predicts. This is true 
for the writer’s value ot hydrogen but helium gives values quite in accord 
with the relation. The value for methane might perhaps be expected to 
be large since it contains four hydrogen atoms. However, Dushman and 
Found cite water vapor as giving values quite in accord with the relation, 
the number of electrons per molecule being taken as 10. 

A glance at the curves of Figs. 4 and 5 shows that no constant ratio 
between the ionization in two different gases can exist which shall be 
independent of the accelerating voltages, for in such an event each curve 
must be the exact duplicate of the other save for the scale of the ordinates. 
On the contrary, the shapes of the curves are quite different. The maxima 
do not occur at the same points, neither are the rates of decline of ioniza- 
tion beyond the maximum the same in the various cases. Hence, it seems 
impossible that the direct proportionality between ionization and the 
number of electrons per molecule can be a general law. 

Due to some uncertainty as to the exact length of path from which 
ions were collected the absolute values of the number of ions per electron 
per centimeter path are not considered very accurate. However, these 
values may be obtained for a pressure of 1 mm by multiplying the or- 
dinates of the curves shown in Figs. 4 and 5 by the factor 1.75. 

The writers results are on the whole in fairly good agreement with the 
results of Hughes and Klein.2 For 200 volts the following comparison 
is found between the relative ionizations with respect to neon. 

Ne He H, CH, A Ne 
Hughes and Klein: 1 472 1.016 3.53 3.44 3.47 
Writer: 1 .487 91 3.50 4.15 3.19 
The maxima for ionization are obtained at the following voltages: 
He Ne A Ne 
Hughes and Klein: 147 158 80 101 
Writer: 140 220 100 100 

The dotted curves in Figs. 4 and 5 are those of Hughes and Klein 
reduced to the same arbitrary scale as the writer’s. Their neon curve 
was given the same maximum ordinate as the writer’s and the ordinates 
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for the helium and argon curves were then plotted in the proper ratio 
to those of neon. This gives a comparison of the relative ionizations 
in the three gases rather than of the absolute values of the ionization. 

It will be seen that the greatest difference between the results is in the 
case of argon. The table above gives for the relative ionization for argon 
at 200 volts a discrepancy of 17 percent. Although some values slightly 
lower than 4.0 were obtained by the writer for argon, none were obtained 
approaching 3.44. In this case, the writer would be inclined to favor 
his own value, since his argon (presumably derived from the same source) 
was further purified by means of a calcium arc. It seems very doubtful, 
however, whether the small impurity of 0.2 percent mentioned by Hughes 
and Klein would give the above difference, unless in the gas-flow method 
used by them the lighter impurity diffused into the ionization tube 
much more rapidly than the argon and thus gave effects greater than 
would be indicated by the original percentage of the impurity. The values 
for the relative ionization in helium, methane, nitrogen and hydrogen 
are in excellent agreement, especially considering the difficulties of work- 
ing with hydrogen. 

In comparing the values of Hughes and Klein with the writer’s it may 
be seen that in the position of the maxima for ionization the values for 
neon are quite different. The greatest difference might be expected in 
this gas, since in both the investigations the curve for neon was found 
to be the most nearly horizontal, and hence the true position of the 
maximum the hardest to determine. No value was obtained by Hughes 
and Klein for the electron energy for maximum ionization in carbon 
monoxide. Here the writer’s value of 120 volts compares favorably 
with the value of 125 volts given in an earlier paper by Mayer.* 

In conclusion the writer wishes to express his thanks to Professor 
R. A. Millikan who suggested the problem and under whose direction 
the preliminary work was done, to Professor John Zeleny for aid and 
encouragement during the progress of the work, and to Dr. H. C. 
Rentschler of the Westinghouse Lamp Company for most generous help 
in the construction of the experimental tube and of the inductive heating 
system. 

YALE UNIVERSITY, 

August 12, 1924. 


* Mayer, Ann. der Phys. 45, 1 (1914). 
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THE APPARENT TRANSMISSION OF LOW VELOCITY 
ELECTRONS THROUGH ALUMINUM FOIL 


By Henry E. HArtiGc 


ABSTRACT 


Apparent transmission of low velocity electrons through aluminum foil— 
Electrons were accelerated from a tungsten filament to a foil F .0003 cm thick 
behind which at a distance of 1 mm was a nickel receiving plate P connected 
to an electrometer. The ratio of electron current reaching P to that reaching F 
showed a maximum at about 8 volts primary energy though the position of 
this maximum shifted somewhat. By using a retarding potential on P, all the 
electrons reaching P were found to have velocities less than 10 volts (maximum 
number at about 2 volts) even when the primary bombarding electrons had a 
velocity of 1600 volts. Apparently, aluminum shows a transparent atom effect 
for slow electrons similar to that observed in rare gases. In addition to slow 
speed secondaries, the electrons reaching P include photo-electrons from the 
back side of F due to x-rays produced by the primaries. The effect with two 
foils was only 10~ times that through one and was probably largely photo- 
electric. The third foil cut down the plate current by an additional factor of 1/10. 

Critical potentials determined from photo-electric effect of soft x-rays 
from a metal foil.—With a retarding potential (negative) on P, the plate 
current for primary velocities of over 40 volts is due chiefly to photo-electrons 
from the plate, while with two or three foils and an accelerating potential 
the current is due chiefly to photo-electrons from the back side of the foil. With 
aluminum, similar curves were obtained with one foil (negative P) and with 
two and three foils (positive P), showing breaks at a number of voltages 
including two at about 1490 and 1560 volts which correspond to Ka and Kg 
lines of Al. No attempt was made to fix these breaks exactly but this method 
promises to be useful in studying critical potentials of metals. 


ECENTLY, Schonland! and Terrill,?, modifying Whiddington’s 
earlier apparatus, and making use of the modern high vacuum 
technique, have again verified J. J. Thomson’s formula for the loss in 
velocity suffered by cathode particles in passing through thin sheets of 
metal. Still more recently Terrill* has measured the absorption of cathode 
rays in aluminum sheets and incidentally has obtained additional con- 
firmation of Thomson’s formula. In particular he found that in order to 
pass through an aluminum foil .00031 cm thick, high speed cathode 
particles must have an incident velocity of at least 18.4 kv. 
Both Schonland and Terrill found, however, that low velocity elec- 
trons, which they called secondary electrons, were present on the emer- 
1 Schonland, Roy. Soc. Proc. 104, pp. 235-247 (Sept. 1923). 


? Terrill, Phys. Rev. 22, 101 (1923). 
* Terrill, Phys. Rev. 24, 616 (1924). 
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gent side of a foil which was being bombarded, even when the incident 
velocity was less than the above-mentioned minimum. These secondary 
electrons could all be stopped by a retarding potential of 30 volts, and 
were excluded from the measured transmitted beam. 

The investigation here described had for its object the determinat on 
of the origin, velocity distribution, and composition, of these so-called 
secondary electrons. It was planned to begin with very low incident 
electron velocities, ncreasing them untii a measurable secondary current 
was obtained. 


METHOD 


Using modern high vacuum apparatus and an incandescent tungsten 
filament as a source of electrons, beaten aluminur foils, .0003 cm thick, 
were bombarded with electrons varying in velocity from zero to that ac- 
quired by falling through a potentiai of 1600 volts. The electrons pro- 
ceeding from the other side of the foil were attracted to a collecting plate 
maintained at a positive potential with respect to the foil and connected 
to one pair of quadrants of an electrometer. A galvanometer connected 
to the foil measured the incident current. The ratio of the electrometer 
readings to the corresponding galvanometer readings was plotted against 
accelerating potential. 

It was found that soft x-rays, generated by the bombarding electrons, 
were also transmitted through the aluminum foil. By maintaining the 
collecting plate at a negative potential of 30 volts, a current consisting 
of photo-electrons emitted by the plate could be made to flow in the 
opposite direction. The ratio of the secondary to the primary current 


was again plotted against accelerating potential. 

In order to determine the velocities of the emergent electrons, a series 
of runs was made in which for constant accelerating potentials, the plate 
potential was varied from zero to increasing negative potentials and the 
ratios of the currents were plotted against retarding potentials. 


APPARATUS 


The final form of the tube adopted is shown in Fig. 1. It consists essen- 
tially of a Pyrex glass tube closed at one end by a brass plate P which is 
connected to the gauze inside the glass cylinder and is held in place, 
vacuum tight, by a mixture of beeswax and rosin. The side tube F con- 
tains the tungsten filament leads, the glass stopper and its lead-in tube S, 
the brass foil holder and supporting stem H. The stopper was ground into 
its seat and made vacuum tight with stop-cock grease. It was found 
from previous tube models that it was necessary to shield the nickel 
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receiving plate very carefully against multiply reflected electrons, for in 
the absence of high retarding fields, electrons were apparently diffused 
throughout the interior of the tube. Hence the electrometer shield was 
continued throughout the length of the brass lead-in tube. This is not 
shown in the figure. Special precautions were taken in the selection and 
mounting of the aluminum foils. The particular piece of foil chosen for 
a run was inspected as to freedom from holes by placing it in a darkened 
room before an opening in a box containing a 100 watt light. A copper 
ferrule tightly spun over the open end of the brass receiving chamber was 
used to hold the foil in position. 























ACC. POTENTIAL 
eo_—4 








Fig. 1. Diagram of tube and electrical connections. 


The brass lead-in tube was cemented with sealing wax to the outer end 
of the glass tube running through the center of the stopper. A hole h 
drilled through the brass tube about 3 cm back from the end of the glass 
tube, allowed the pressure on both sides of the foil to become equalized 
without presenting a free path for electron diffusion to the receiving plate. 

During the outgassing process and glowing of the filament, the receiving 
chamber was rotated so that the foil faced away from the filament and 
thus contamination was prevented. Also by rotating the foil out of the 
incident electron stream during a run the fact that the current measured 
was actually coming from the foil could be checked. 

The pump system consisted of a Langmuir mercury diffusion pump 
with a Gaede rotary and an oil fore-pump. A slush of carbon dioxide 
snow and acetone was used in the mercury vapor trap whenever the 
Langmuir pump was running. 
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A Leeds and Northrup galvanometer bridged with an Ayrton shunt was 
used to measure the current absorbed by the foil, and a Dolezalek type 
electrometer with a sensitivity of about 800 divisions per volt to measure 
the emergent current. The steady deflection method with a high re- 
sistance electrometer shunt was used for some of the readings taken, but 
for most, the method of timing the electrometer needle motion between 
two fixed deflections was employed. 


PROCEDURE 


The tube was thoroughly evacuated and the tungsten filament glowed 
for several hours to drive off gases and to bake out the receiving chamber, 
which during this process was about 5 mm from the filament. After this 
the McLeod gauge could no longer be read and the pressure was estimated 
to be less than 10-° cm of mercury. The foil was then faced toward the 
filament and bombarded with 2000 volt electrons for about one-half an 
hour, the filament current being reduced to such a value, found by trial, 
as would not burn a hole in the foil. After preparation of the foil in this 
way, entirely reproducible results could be obtained. 


EMERGENT VELOCITIES OF SECONDARY ELECTRONS 


To determine the velocity of the emergent electrons normal to the foil 
when the foil was bombarded with electrons which had fallen through a 
definite constant potential, the emergent electrons were made to travel 
against a known retarding field. The receiving plate was placed about one 
millimeter from the foil and was large compared with this separation, 
therefore in a zero retarding field all but a small fraction of the emergent 
electrons reached the plate. 

Fig..2, for a single aluminum foil .0003 cm thick, shows the ratio of the 
electrometer to the galvanometer currents for an incident electron 
stream of constant velocity, plotted against retarding potentials applied 
between the receiving plate and the foil. The constant potential through 
which the incident electrons have fallen is indicated on the curves. The 
curves are alike in that they show that practically all of the trans- 
mitted electrons have velocity components perpendicular to the foil 
of less than 10 volts. This was checked for incident velocities up to 1545 
volts; the higher velocity curves are not plotted as they are similar to the 
one shown for 679 volts. 

It will be noticed that the current in each case reversed in sign for a 
retarding potential of less than 15 volts. ‘This reversal can be accounted 
for in part by assuming that soft x-rays, generated by the incident 
electrons, traverse the foil and the retarding field (which has stopped all 
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or most of the emergent electrons) and liberate photo-electrons from the 
receiving plate. It does not seem possible, however, that the reversal for 
a primary velocity of 2 volts can be explained in this way. The negative 
current was found to be relatively small in the voltage range investigated. 


(* 


Ratioot Lt, 


7 8 S$ jo tt 
RETAROING POTENTIAL= VOLTS 


Fig. 2. Ratio of plate current to galvanometer current asa function of retarding 
potential, for various impact potentials. 


The curves shown in Fig. 3 were constructed by differentiating graphically 
the curves of Fig. 2 and show, approximately, the way in which the veloc- 


ities of these secondary electrons, due to the incident velocities marked 
on the curves, are distributed. 
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Fig. 3. Distribution of velocities of electrons reaching the plate for 
various impact potentials. 


ORIGIN AND COMPOSITION OF SECONDARY CURRENT 


Since the ratio of the emergent to the incident current becomes nega- 
tive, in some cases for retarding potentials of only 3 volts and in all cases, 
regardless of the potential through which the incident electrons have 
fallen, for retarding potentials of 20 volts, it is clear that if the receiving 
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plate were made 30 volts negative with respect to the aluminum foil, 
a negative current would flow, made up entirely of photo-electrons from 
the receiving plate. On the other hand, if a positive potential of 30 volts 
were applied, a positive current would flow made up almost wholly of 
electrons coming from the aluminum foil. Some of the latter electrons, 
no doubt, are photo-electrons released from the foil by x-rays, but this 
portion should not differ greatly in number from those taking part in the 
negative current flow, and hence is relatively small. The greater part of 
the emergent current is, therefore, due to electrons liberated from the 
foil by some mechanism other than x-rays. Perhaps, the mean free path 
in aluminum for such low velocity electrons is much longer than ordinarily 
supposed, and the observed secondary current is due to the direct trans- 
mission of a fraction of the incident electrons. Such extraordinarily long 
electronic paths in the gases, argon, krypton, and xenon, were first 
reported by Ramsauer,’* and confirmed by a number of investigators.® 

Another possibility is that the electrons which take part in thermionic 
emission at higher temperatures, obtain a sufficient increase in velocity 
normal to the foil by collision with the incident electrons, to enable them 
to escape at room temperatures. Whatever is the mechanism by which 
this current is generated, to distinguish it clearly from the photo-electrons 
coming from the plate, it will hereafter be called “transmitted current”’ 
in this paper. 


VARIATION WITH ACCELERATING POTENTIAL OF CURRENT 
TRANSMITTED THROUGH ONE FOIL 


Fig. 4 shows the general dependence of the transmitted current on the 
accelerating potential from 0 to 1600 volts. There are two prominent 
maxima in these curves, the one shown at about 8.5 volts and the broad 
maxima at about 250 volts. The maximum shown at 8.5 volts, although 
always very sharp, for some unknown reason did not always appear at 
the same point in different trials (as for example, in the curves shown in 
Fig. 2). The total variation of the maximum in different runs was about 
2 volts. 

A large number of much smaller variations are shown in the upper 
curve of Fig. 4. It was thought that these maxima, or possibly the 
breaks between the maxima, were related to the critical potentials for 
aluminum reported by Horton, Andrews and Davies,’ Holweck,’ and 

* Ramsauer, Jahr. der Rad. und Elect. 19, 345 (June 1923). 

5 Minkowski and H. Sponer, Zeits. f. Phys. 15, 399-409 (1923). 


* Horton, Andrews and Davies, Phil. Mag. 46, p. 721 (1923). 
7 Holweck, Ann. de Physique 17, p. 5 (1922). 
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Fig. 4. Relative plate current as a function of impact potential to 1600 volts. For the 
two lower parts, the ordinates should be multiplied by 1/50,000, approximately. 


TABLE |. 


Accelerating potentials of maxima 
Run 1: 41.1 41.8 42.4 43.6 44.8 45.6 46.6 48. 
7. 


Run 2: 40.3 41.1 41.8 42.4 43.9 44.8 45.8 46.6 4 
Run 3: 40.3 41.1 42.2 43.6 44.8 45.7 46.5 48. 


2 
6 


0 48.8 49.4 51 
9 48.8 49.6 50 
1 48.8 49. 


others. Accordingly the region in the neighborhood of 40 to 50 volts was 
carefully examined, readings being taken at 0.2 volt intervals. Curves 
of the kind shown in Fig. 5 were obtained. Table I shows the potentials 
at which maxima were obtained in three runs taken on different days. 
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Maxima are tabulated rather than breaks as they are in general defined 
more sharply. The agreement of the values obtained in different runs is 
very satisfactory, especially in view of the fact that the total potential 
drop across the filament leads was about one volt. The maxima obtained 
for accelerating potentials in the neighborhood of 44 and 48 volts are 
especially prominent. Horton, Andrews and Davies report a critical 
potential at 42 volts for which they find no satisfactory explanation, and 
calculate a second energy level at 49.1 volts from x-ray spectra data given 
by Hjalmar.* No attempt was made in this investigation to correct for 
the initial velocity due to thermal agitation of the electrons, nor for 
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Fig. 5. Details of curve for impact potential 40 to 52 volts. 


contact e.m.f., so that the figures given in Table I are accurate only 
relative to each other. A number of other critical potentials in the 
interval from 20 to 130 volts were also noticed but not carefully checked. 


CURRENT TRANSMITTED THROUGH TWO AND THREE FoILs 


Several runs were taken in which the transmission through two and 
three aluminum foils .0003 cm thick was measured. The transmitted 
current for two foils was only about 1/10,000 part of that obtained under 
similar conditions through one foil, but three foils cut down the current 
only by an additional factor of 1/10. Using two foils, small currents 
could be detected at about 150 volts and increased steadily with accelerat- 


§ Hjalmar, Phil. Mag. 41, p. 681 (1921). 





TRANSMISSION OF ELECTRONS THROUGH ALUMINUM FOIL 229 


ing potential. The lower curve of Fig. 6 shows the current obtained with 
accelerating potentials from 1190 to 1600 volts, with a positive potential 
of 30 volts on the receiving plate. This curve differs in two ways from 
the corresponding curve (Fig. 4) for the transmission through one foil, 
first in that the curve rises with an increase of accelerating potential 
while the other falls, and secondly the curve is punctuated with quite 
prominent breaks very similar to those obtained by Rollefson® in investi- 
gating the soft x-ray region of iron by a method in which the total photo- 
electric current from a plate excited by the x-rays is measured. 


| 
- 2. 
| 


TENT. - 


$ & 
2828 8 x < 


Fig. 6. Comparison of curves (1) with one foil and retarding potential on plate and 
(2) with two foils and accelerating potential on plate. The ordinates for the upper 
curve are on the average about 10 times those for the lower curve. 


The current obtained under similar conditions through three aluminum 
foils, although only about 1/10th of that obtained with two foils, is iden- 
tical in character with that shown in Fig. 6. It seemed clear then that the 
current being measured in the case of two and three foils was due to 
photo-electrons liberated from the back side of the second (or third) foil 
by soft x-rays generated by the incident electrons and traversing the 
intervening foils. To check this point a run was made using one foil, 
with the receiving plate maintained at a negative potential of 30 volts, so 
as to stop all of the electrons proceeding from the foil. By increasing the 
filament current, a conveniently readable electrometer current was 
obtained in the negative direction. The results of this run are plotted in 
the upper curve of Fig. 6. The two curves shown there are identical, 


® Rollefson, Phys. Rev. 23, p. 35 (1924). 
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except for accidental variations, and leave no doubt as to the correctness 
of the conclusions regarding the nature of the so-called transmitted 
current obtained, when using two and three foils. Incidentally, the curves 
of Fig. 6 yield a number of sharp breaks which appear to be critical 
potentials characteristic of lines in the spectrum of aluminum. The 
current transmitted through one foil also gives indications of feeble breaks 
which probably are due to that part of the current which is of photo- 
electric origin. In Table II are given those values, obtained from three 
runs each taken under different conditions, about which there appears 
to be no doubt. 
TABLE II 


One foil Two foils Three foils 
(neg. plate pot.) (pos. plate pot.) (pos. plate pot.) 


1203v. 1202v. 1203v. 
1225 1224 aes 
1265 1260 
1315 1316 aaa 
1342 1350 1346 
(Ka)1494 1488 ceke 
1514 1510 core 
(KB) 1566 1565 1555 
1596 1605 
1640 1640 
While no attempt was made to fix the position of the breaks exactly, 
the results as noted in the table are in fair agreement with results pub- 
lished by others. Thus Holweck’ gives as the K absorption discontinuity 
the value 1555+10 volts; Sommerfeld!® gives the wave-lengths of the 
Ka and K@8 lines for aluminum, which when reduced to volts by the quan- 
tum relation become 1482 volts for Ka, and 1551 volts for KS. (See also 
Hjalmer.*) However, the author does not wish to stress the matter of 
critical potentials unduly, but merely to indicate here that the method 
employed in this investigation is capable of yielding information on this 
point for any metal that can be obtained in sufficiently thin sheets. In- 
deed, by sputtering a film of metal on the surface of some suitably thin 
sheet, such as aluminum, the method could probably be used to obtain 
information as to the critical potentials of any substance that can be 
sputtered. 


PossIBILITY OF HOLES THROUGH THE FOIL 


In the opinion of the author the transmission observed is not due to 
holes in the foil. Neither the velocity distribution nor the variation in 
transmitted current with accelerating potential is such as holes would 
give. 


10 Sommerfeld, Atombau und Spectrallinien, 3rd edition. 
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In conclusion I wish to thank Professor John T. Tate, who proposed 
this problem, for his helpful suggestions and encouragement. 


PHYSICAL LABORATORIES, 
UNIVERSITY OF MINNESOTA. 
July 2, 1924.* 


* Received February 18, 1925—Ed. 
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A RELATION BETWEEN THE CRITICAL POTENTIALS 
AND THE INDICES OF REFRACTION OF 
ELEMENTS AND COMPOUNDS 


By BERGEN Davis 
ABSTRACT 

Quantitative applications of Lorentz dispersion formula.—(1) Calculation 
of critical resonance frequencies of elements. The Lorentz dispersion formula 
involves critical resonance frequencies. In the case of hydrogen, the observed 
value of the index of refraction n is obtained if the critical resonance potential is 
assumed to be 16.4 volts. This value is close to the observed ionization 
potential. In the cases of Zn, Cd and Hg the observed values of n are obtained 
if, taking into account the critical potentials of the next inner levels, the follow- 
ing critical resonance potentials for the outer levels are assumed, namely 4.77, 
4.38 and 5.21 volts, respectively. These values lie in each case between values 
corresponding to two strong absorption lines. For other gases the observed 
and assumed potentials are as follows: 

carbon nitrogen oxygen sulfur chlorine bromine iodine 

observed: 11.5,35 17,29.9 15.5,52 12.2,35 13.2,46 11.3;32.6 10,21 
assumed: 15,35 17,29.9 18.5,52 12.2,16.2 13.2,35.3 11.3,25.8 10,13.8 
The values assumed for the L111 levels of carbon and oxygen agree better with 
the observed value for nitrogen than do the accepted values, when plotted on a 
Moseley diagram. However, in the case of He, Ne and A, the observed poten- 
tials do not give the observed indices, if any reasonable distribution of electrons 
is assumed. (2) Calculation of index of refraction of compounds, allowing for heat 
of formation. The assumption is made that the heat of formation is associated 
with an equal change of energy of the valence electrons. Thus in the case of 
water and ice, if the heats of formation are added to the critical potentials of 
hydrogen, the calculated values of m agree within 1/2 percent with the observed. 
Also in the case of diamond a good agreement is obtained only if the heat of 
formation is included. Data are given for other liquid and gaseous compounds 


and for liquid carbon and halogen compounds which tend to support this 
relation.—G. S. F. 
HE various dispersion formulas that have been proposed contain in 
addition to one or more constants, terms involving possible natural 
resonance frequencies in the atoms of the refracting substance. 

The recent advances following the success of the Bohr atomic hypo- 
thesis have led to the specifications of these natural frequencies, and ex- 
periment has determined such frequencies in some cases with a consider- 
able degree of accuracy. In particular, the critical x-ray frequencies have 
been measured with great precision, and recent experiments on the re- 
fraction of x-rays in crystals! indicate that the Lorentz dispersion formula 
represents this refraction with some accuracy. 

1 Bergen Davis and R. Von Nardroff, Nat. Acad. Sci. Proc., 10, No. 2 (Feb. 1924), 
also 10, No. 9 (Sept. 1924). 


R. Von Nardroff, Phys. Rev. 24, 143 (Aug. 1924). 
C. C. Hatley, Phys. Rev. 24, 486 (Nov. 1924). 
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The following is an attempt to apply this formula to the calculations 
of the refractive indices of elements and compounds for visible light. 
The critical potentials and frequencies of many of the elements have 
now been measured and make a quantitative application of a dispersion 
formula possible. The calculations that follow are for sodium D(A= 
5890). 

The dispersion formula of Lorentz is here applied to the calculation of 
the indices of a number of elements in the gas form, also of a number of 
compounds in the gas and liquid forms. The solid form is considered in 
two cases, solid carbon (diamond) and solid water (ice). 

The Lorentz dispersion formula for liquids and solids may be con- 
veniently used in the form 


n?>—1 e N, Ne 
= —— + —+... 
net+2 324m \v?-v? vo? — py? ; 
For application to gases where m is near unity, a convenient form is 


e? N, No 
6= — — | ——— + ———- +... 
y>—p? vo? — pv? ; 


where the index n=1—6, and Nj, Ne, etc., are the number of electrons 
per unit volume having frequencies 7, v2, etc. 





REFRACTION OF ELEMENTs (GAS Form) 


In making the calculation of indices given in Table I, the plan has been 
adopted of seeking by trial the value of the critical potential that will 
give the observed index and then comparing this with the critical poten- 
tial as observed. The column of the Table designated ‘“‘Assumed’”’ con- 
tains the critical potentials actually used in the calculations. These 
are to be compared with the observed values as given in the preceding 
column. 


The assumed distribution of electrons in the various levels follows the 
scheme of Bohr, except in the case of carbon, in which case the distribu- 
tion is that recently proposed by Dauvillier? and by Stoner.? 


HYDROGEN 


The critical frequency that applies in the case of x-ray refraction is 
that corresponding to an ionization potential. In the case of hydrogen, 
the value of the critical potential that would give the proper index of 


* Dauvillier, Comptes Rendus, 179, p. 476 (1924); 
Stoner, Phil. Mag. (Oct. 1924). 
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refraction was found to be 16.4 volts. Two observed values are given® 
for the ionization potential of the hydrogen molecule (16 and 16.9 volts). 
The necessary value (16.4 volts) is quite near the most probable observed 
value (Table 1). This happy agreement led me to extend the matter 
further. 

TABLE I 


Elements (gas form) 








Critical potentials 
Outer levels Outer levels Next inner n 
(observed )f (assumed) levelsT (calc. and obs.) 





Hydrogen 16 
16.9 : 1.00039 


(1) 4.18 (R) ( ; 
(1) 5.65 (R) .00206 


(6) 116 


" ; 3.95 (R) 
Cadmium (1) 5.35 (R) “a te) Po .00266 


(6) 138 
Mercury G th) a. a (6) 92 .00186 


(6) 16 








' (2) 11.5 (2) 15. 
Cation (2) 35. (2) 35. odes 


- (1) 17. (1) 17. 
Nitrogen (4) 29. (4) 29.9 (2) 400 


_ (2) 15. (2) 18.5 
Oxygen (4) 52. (4) 52. (2) 490 


(2) 12. (2) 12. (4) 150 
Sulfur (4) 35. (4) 16. (4) 190 


a (3) 13. (3) 13. (4) 190 
Chlorine (4) 46. (4) 35. (4) 272 


(6) 183 
(3) 11.3 (3) 11. (6) 218 


Bromine s 
(4) 32.6* (4) 25. (6) 432 


(6) 63 
(3) 10. (3) 10. (6) 147 


Iodine 53 * 
(4) 21 (4) 13.8 (6) 217 

















* Extrapolated x-ray levels. 
+t Numbers in parenthesis give number of electrons in the level being considered, 
outer or next inner. 


’ Most of the data on ionization and spectra are taken from Origin of Spectra by 
Foote and Mohler, and from Bulletin of Nat. Research Council on Critical Potentials 
by Compton and Mohler. The physical-chemical data on indices, densities, heats of 
formation, are taken from Landolt and Bernstein and from ‘‘Thermo-Chemistry” by 
Thomsen. 





CRITICAL POTENTIALS AND INDICES OF REFRACTION 235 


Elements of the second group. These elements have two strong emission 
lines, the 1S—2f. and 1S—2P. The potentials corresponding to fre- 
quencies of these two emission lines are known as the resonance potentials. 
These frequencies are also marked absorption frequencies. Taking mer- 
cury as an example, the 4.86 and 6.67 potentials are those of strong 
absorption frequencies. The critical frequencies of the dispersion formula 
are resonance frequencies. This indicates that the observed absorption is 
one of resonance. It will be seen in the table that the necessary critical 
potential in every case lies between the two observed resonance fre- 
quencies. I believe nothing is known as to the relative intensities of the 
absorption of these two frequencies. 

Elements of the fifth, sixth and seventh groups. The indices are calculated 
in the manner previously described and are given in Table I. The 
distribution of the outer electrons in the sub-groups are made according 
to the scheme proposed by Bohr. It is quite possible that some other dis- 
tribution such as suggested by Stoner might work better in some cases. 

The observed (so far) critical potentials and the values that it was 
necessary to assume are given in adjoining columns in the table. The 
observed values for nitrogen apply without modification. In case of 
oxygen it was necessary to assume that two of the outer electrons had a 
critical potential of 18.5 volts and not 15.5 as apparently observed. This 
value, 15.5 volts, cannot be correct, however, if 17 volts is correct for 
nitrogen. The regular Moseley diagram for the Lii levels must give 
oxygen a higher value than nitrogen (see Fig. 14, Bulletin Nat. Research 
Council, Critical Potentials, Compton and Mohler). That is, oxygen 
must be greater than 17 volts, or if the oxygen value (15.5) is correct, 
then nitrogen must be less than 15.5 volts. 

The critical potentials of the M; levels of the sulfur and chlorine have 
not been observed, but a straight line interpolation between the values 
for atomic number 13 and the higher atomic numbers gives the critical 
potentials of these levels used in the calculations. 


REFRACTION IN COMPOUNDS 


The Lorentz dispersion formula may also be applied to the refractivity 
of compounds. It is found that the same values of the critical potentials 
that give the proper indices for the elements also give the indices very 
well for the compounds of these elements. That is, refractivity is an 
additive property provided that allowance be made for the energy in- 
volved in the heat of formation. 
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ITeat of formation. The natural frequency of an outer (valence) electron 
is in general not the same in a compound as in an element. When elements 
combine to form compounds energy (heat) is either given out or absorbed. 
This change in the heat energy must arise from a change in the energy 
of the atoms involved in the chemical process. In calculating the refrac- 
tivity of compounds it is assumed that this change of energy is confined 
to the outer (valence) electrons of the atoms. When heat is given out 
in combination it is assumed that this arises from a decrease in the energy 
of the outer electrons of one of the combining elements. This will be 
made clear by an example. [n the case of refraction in water vapor, given 
in Table II, the reasonable assumption is made that only the hydrogen 
electrons are affected by the process of formation. The heat given out 


TABLE II 


Compounds (gas form) 








Heat of n 
Compound Symbol formation (calc.) 


Water vapor H;,0 58 .000254 
Hydrochloric acid HCl 22 .000454 
Ammonia NH; 12 .000355 
Nitrous oxide N;O —20. .00044 

Nitric oxide NO —21. .000288 


Carbon monoxide CO 29 .000336 
Carbon dioxide CO, 96.5 00045 
Methane CH, 20. .00045 
Ethane C.He 25 .00077 
Ethylene CoH, —14. .000654 
Acetylene C2H2 .00056 











arises from a change in energy of the hydrogen electrons. The heat of 
formation of water vapor is 58 kg cal. per mol. This energy is equivalent 
to 1.28 volts change in energy for each hydrogen electron. The critical 
frequency of the hydrogen electrons used in this calculation is that corre- 
sponding to 16.4+1.28=17.68 volts. This frequency, when introduced 
into the dispersion formula, gives the observed index of refraction of 
water vapor quite accurately. This assumption that the heat of forma- 
tion of compounds is related to a change in frequency of the active elec- 
trons is in line with a theory of chemical affinity just proposed by Wils- 
don.‘ This paper of Wilsdon’s marks a great advance in that it points to 
an explanation of chemical affinity in terms of the Bohr atom. As an 
illustration: Wilsdon expresses the heat of formation of the hydrogen 


‘Wilsdon, Phil. Mag.. (Feb. 1925). 
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molecule from the atoms in terms of the atomic energy (in volts) as 


13.54 /1 1 
E=—— { — — — } =3.38 volts. 
3 1? 2? 


follows: 


This added to the ionization potential of the atom (13.54) should give 
that of the molecule: 13.54+3.38=16.9 volts. This is quite near the 
most probable value. 

It may not be completely true that the whole of the energy of chemical 
affinity arises from the energy of the electrons only. The nuclear field 
may be involved. This is referred to by Wilsdon as the “trunk effect.” It 
is probably relatively quite small. 

The use that is made here of the energy of the heat of formation auto- 
matically compensates for the energy that is required to separate a di- 
atomic molecule into single atoms for those compounds in which the atom 
occurs singly, for example, the formation of HCl from He and Cle. The 
observed heat of formation is 22 kg cal. per mol. Had it been formed 


from monatomic hydrogen it would have been greater by an amount 


equivalent to the heat of association of H+H to He. In that case this 
greater energy expressed in volts would have been added to the energy 
of the hydrogen atom (13.54 volts) and not to 16.4 volts as was actually 
done. The same is true of the chlorine. The assumption made here is 
that the energy change involves only changes in energy of the electrons 
and does not involve actions between the nuclei of the combining atoms. 
This principle is extended to the case of the formation of diamond by 
the union of similar atoms of carbon. 

Carbon. It was desired to calculate the indices of some of the many 
carbon compounds. For this purpose the electrons were distributed in 
the two L levels in accordance with the recent suggestion of Stoner.’ The 
values assigned are given in Table I. It was necessary to assign a critical 
potential of 15 volts to the Liz; level and not 11.5 volts as apparently ob- 
served. This change corresponds to a similar one for oxygen, and makes 
the critical potentials of carbon, nitrogen and oxygen lie on a straight 
line in the Moseley diagram. The values apparently observed for these 
elements give a very irregular curve in the Moseley diagram and con- 
sequently cannot all be correct. 

The values of the critical potentials given in Table I are those used 
‘in calculating the indices of the various compounds containing carbon 
that are listed in the following tables. In the case of the carbon com- 
pounds of the type C,H, the energy of the heat of formation was added 


5 Stoner, Phil. Mag. (Oct. 1924). 
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to the hydrogen electrons only. This was done to be consistent with the 
scheme used in the formation of water. It is probably not correct, as 
there is undoubtedly a bond between the carbon atoms themselves. The 
relative strengths of the carbon and hydrogen bonds are not known. 
However, a change in the distribution of heat energy from the hydrogen 
to the carbon atom would not affect the final result appreciably, as their 
critical potentials are nearly the same (15 and 16.4 volts). Also, the 
heats of formation of most carbon compounds are small and so do not 
affect the indices very greatly. 

Diamond. The same critical potentials of carbon that apply so well 
in the case of carbon compounds also give a good value for the index of 
refraction of diamond. In order to calculate this index it is necessary to 
know the heat of formation of diamond. This is an important matter in 
the case of diamond, as the heat of formation appears to be very large. 
This heat of formation has recently been calculated by Landé,’ making 
use of its known structure and of some recent measurements of its com- 
pressibility. Two values of the heat of formation of diamond are given 
by Landé, 250 and 262 kg cal. per mol. The crystal structure of diamond 
as determined by Bragg shows that each carbon atom makes four points 
of contact with neighboring atoms. The energy of the heat of formation 
was consequently divided between the four electrons of the carbon atom. 
The heat of formation, 262 kg cal., gives a change in energy of 2.88 volts 
for each carbon electron. This, added to the critical potentials (15 and 
35 volts), gives 17.88 and 37.88 volts respectively, as the critical potentials 
of these carbon electrons in diamond. These give a very good value for 
the calculated index (2.44) as shown in the table. On the other hand, if 
the heat of formation is not included, the calculated index is 3.74. This 
is far greater than the observed value (2.417). 

The total heat of formation of compounds to the liquid state was 
divided into two parts, that of the formation of the compound to a 
gaseous state (chemical process) and the heat of evaporation (a physical 
process). The heat of evaporation was distributed among all the outer 
ring electrons of all the atoms involved. To illustrate in the case of water 
and ice, the heat of formation, 58 kg cal., was added to the critical 
potential of the hydrogen electrons, but the additional energy of conden- 
sation to the form of water (11 kg cal.) and to the form of ice (12.44 kg 
cal.) was added to the critical potentials of both the hydrogen and oxygen 
electrons. In most cases the heats of evaporation were so small that this 
correction was not important. The last column of Table III contains 


® Landé, Zeits. f. Phys. 4, 410, also 6, 10 (1921). 
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value of the indices in a few cases which are calculated from the critical 
potentials alone without allowing for the heats of formation and evapora- 
tion. 


DISCUSSION 


The foregoing gives a physical basis for the molecular refractivity of 
compounds so well known to the organic chemist. It also explains the 
atomic additive property of refractivity. In the case of hydrogen the 
critical potential made use of is an ionization potential. The frequency 
that applies in the Lorentz dispersion formula is a resonance (absorption) 
frequency. This would indicate that unexcited molecular hydrogen should 
have an absorption band at \= 760. 

The critical potentials for the subgroup of four electrons in the case 
of sulfur and chlorine have not been observed. As shown by Table III 
the scheme of critical potentials does not give the observed refractive in- 
dices of sulfur compounds very well. The values of the critical potentials 
that give the proper value for the observed index of sulfur vapor are not 
proper for the compounds. This is an apparent deviation from the atomic 
additive property of refractivity. It is not impossible that the observed 
index of refraction for sulfur vapor is in error. Sulfur vaporizes at a rather 
high temperature, and is a mixture of Se, Sy, Ss, Ss. Error is possible in 
reducing observations to equivalent values of S. at zero. The last column 
of Table I also suggests that the observed index for sulfur may be in 
error. The refractivity tends to increase regularly with the atomic num- 
ber of the elements, but the value for sulfur is much too large for this 
regular law. 

The rare gases. The scheme of critical potentials will not give the 
observed indices for helium, neon and argon. It is a failure unless the 
electrons in the outer levels have a distribution in subgroups quite dif- 
ferent from what is now believed to be the case. 


PHEONIX PHYSICAL LABORATORIES, 
COLUMBIA UNIVERSITY, 
May 12, 1925. 





KINETIC THEORY OF THERMIONIC EFFECT 


ON THE KINETIC THEORY OF THE THERMIONIC EFFECT 
By N. P. RASHEVSKy 
ABSTRACT 


Making different assumptions as to the behavior of electrons inside a solid 
body, statistical deductions for the thermionic currents in the corresponding 
cases are made. All the formulas obtained are of the type i=AT*e~!? and 
differ only in the values of A and a. The following cases are investigated. 
(1) The electrons inside a body are assumed to behave like a perfect gas. 
In this case a comes out 1/2. (2) The electrons are assumed to be arranged in 
a space-lattice with the same dynamical properties as the ordinary crystal- 
lattices. For this casea=—1. (3a) All electrons are assumed to be moving on 
quantized orbits with the same quantum number and energy. For this case 
a=2. The case (3b) in which the electrons inside the metal are assumed to be 
divided into S groups, each group i moving in an orbit with the quantum 
number i, is more complicated and will be discussed in a separate paper. The 
experimental results are at present not accurate enough to decide between 
these values of a. 


I. The problem of emission of electrons from hot bodies is usually 
regarded as a problem of evaporation. Therefore thermodynamic con- 
siderations applied to the thermionic effect lead to expressions similar 
to those applied to evaporation. 

The thermodynamic expression for the vapor-pressure! is 


p=const. T——¢p)/R e-/T (1) 


d being a constant (the heat of evaporation), c the heat capacity of the 
solid, c, the heat capacity of the vapor at constant pressure, and R the 
gas constant. 

At this point the pure thermodynamic method is exhausted. Without 
making further hypotheses as to the connection between c, c, and R, hypo- 
theses which are more of a kinetic character than thermodynamic, we 
are unable to determine the power of 7 in (1). For monatomic gases 
we have c,=(5/2)R, and assuming the validity for the solid of the law 
of Dulong and Petit we have c=3R. Then (1) reduces to 


p=const. XT-teT . 
The effect of different kinetic assumptions on the final result is explicitly 


seen in different kinetic deductions of the vapor-pressure formulas; due 
to this difference of assumptions involved, P. Ehrenfest and V. Trkal,? 


1 W. Nernst, Theoretical Chemistry, 10th German ed., trans. by N. Godd, p. 68 (1923). 
* Ehrenfest and Trkal, Amst. Proc. 23, p. 182 (1920). 
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D. Enskog* and R. H. Fowler‘ arrived at different values of the power of 
T, although all their formulas are of the same type as (1). 

The formulas for the number of electrons emitted by a hot body 
also vary according to the assumptions involved. 

The purpose of the present investigation is to deduce on a purely 
kinetic basis formulas for the thermionic current, under different special 
assumptions as to the behavior of electrons inside the metal. All the 
formulas will be of the type 


i=AT%e-¥/T 


the exponent a depending on the assumptions involved. 

Even without any kinetic investigation, by pure thermodynamic 
reasoning we may find the physical meaning of the hypothesis which 
leads to a=2. Formula (1) may be applied to the electrons outside the 
metal. Remembering now that p is connected with mp» by the expression 

p=nokT (3) 
and mo is connected with 7 by 


i=nge/kT/20m , 


we see that to a power d of TJ in (1) corresponds a power of 7 equal to 
d—}3 in (2). To obtain therefore a=2 in (2) we must have 
(c—c,)/R=5/2. (4) 
Now there can be little doubt that if it is admissible to consider the 
outside electrons as a perfect gas, we must consider it as a monatomic 
one, so that we have in any case 
Cp=(5/2)R. (5) 
It follows immediately, then, that (4) may be obtained only by put- 
ting c=0, that is by assuming the energy of the internal electrons to be 
zero, or at least independent of the temperature. This assumption in 
slightly different forms is made by both S. Dushman and S. Roy.® 
In any other case we will obtain values for a different from 2; and as 
it is evident that the assumption c=0 is only a more or less close ap- 
proximation, we see at once that a=2 is also only an approximation. 
II. We now proceed to the investigation of different possible typical 
assumptions as to the electrons inside the metal. 
These may be of the three following kinds: 
(1) The electrons inside the metal are free and behave like an ideal gas. 
Their energy is only kinetic. 
’ Enskog, Ann. der Phys. 72, 321 (1923). 


* Fowler, Phil. Mag. p. 30 (1923); on p. 31 is given a comparison of different formulas. 
* Dushman, Phys. Rev. 21, 623 (1923); Roy, Phil. Mag. 47, 561 (1924). 
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(2) The electrons are bound, and form a space-lattice, like the positive 
ions, and are held in their equilibrium positions by quasi-elastic forces, 
the displacements being small. 

(3) The electrons are bound, but do not form a space lattice. They 
move on quantized orbits. The orbit of an electron may belong either to 
a single positive ion, or to the crystal’ as a whole. As J. Frenkel points 
out, this second possibility is the most probable from the point of view of 
electrodynamics. 

In all three cases it is assumed that outside the hot body the electrons 
behave like a perfect gas. As to the statistical methods of treating our 
problem, we will use that employed by M. Born in his deduction of the 
formula for vapor-pressure.’ 

III. Case (1). Electrons assumed to be free. Suppose from N electrons, 
available for distribution, m are outside and n’ inside the metal. Denote 
the work necessary to remove all m electrons from the metal by G=ng, 
g being the average work per electron. Denote further by p; (¢=1, 2 ...3m) 
the momenta of the outside electrons; then the total energy of these 
electrons is 


i=3n 
E,=(1/2m) Dp2+ng (6) 
t=1 
m being the mass of an electrons. 
In the same way, for the inside electrons we find 


i=3n’ 


E;=(1/2m) D0 pi? (7) 
i=1 
p;’ being the momenta. 
The probability that the electrons 1, 2, 3, ... 3m are outside while 


(n+1), (n+2), ... N are inside the metal is 


waa foo cee? ee (8) 


q; and q;’ being the coordinates of the outside, and inside electrons 
respectively. The integration over these variables is to be taken over all 
the outside volume V and all the inside volume V’ of the metal, respec- 
tively. The integration over p; and p;,’ is to be taken from — © to +. 
This gives 

W’ =Ae—roleT Vy!" (2rmkT)3!2 . (9) 


* J. Frenkel, Zeits. f. Phys. 29, 214 (1924). 
7M. Born, Atomtheorie des festen Zustandes, Encykl. der Math. Wiss., Band 
Vs, Heft 4, p. 705. 
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To obtain the probability that any electrons are outside and any n’ 
inside the metal, we have to multiply W’ by N//n/n’'! This gives 
W =A(N!/nin'!)e—"9!/*TV"V'™' (2rmkT)3%!2 . (10) 


The equilibrium state is defined by the maximum of log W. Using Stir- 
ling’s formula, log n!=n log n—n, and putting d logW/dn=0, we find 
log n= —g/kT+log (N—n)+log V/V’ (11) 


n(N—n) = (V/V’)e-s/AT . (12) 


We introduce now the concentration m»=n/V of the outside electrons 
and my’=n’'/V’ of the inside ones. mo’ may be considered as constant 
because n’=N—n is approximately equal to N; N being about 10'° 
larger than n.2 We obtain 


Ny = Noe s/KT , (13) 


and for the thermionic current we obtain finally the expression 
° i= Vke’ny'?/2amT be-s/kT (14) 
IV. Case 2. Electrons assumed bound in a space-lattice. The n electrons 
arranged in a space-lattice perform vibrations with 3m’ frequencies 
v; (t=1, 2, ... 3m’). Their potential energy is in general a function of the 
coordinates of all electrons and ions in the space-lattice, but by the intro- 
duction of normal coordinates? it can be brought to the form 


i=3n! 


biwitgi” , (15) 
t=1 


while if »;’ are the momenta corresponding to the normal coordinates q;’, 
the kinetic energy is equal to 


(16) 


We have therefore, 


i=3n! 


E;=} (pi’*+w?qi?) ’ (17) 
=1 


1 


while the expression (6) remains for the outside electrons. 
We follow now the method used by Born in the deduction of the 
vapor-pressure formula, and find 


log n= —g/kT+log V—(3/2) log T+(3/2) log (2avo2m/k) 


Ny = (2arvy?m/ k)3/2T—3!2¢—9/ aT (18) 


* Richardson, Emission of Electricity from Hot Bodies, 2nd ed. (1921) p. 40. 
*M. Born. loc. cit.’ p. 593. 
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i=3n/ 


ve” =]; . (19) 


i=] 


Hence 
i= (2amyo*e/k) T—e-8/*4T (20) 


V. Case 3. Electrons assumed bound in orbits. This may be subdivided 
in two sub-cases: 

(a) Allelectrons inside the metal move on orbits with the same quantum 
number, i. e. with the same energy e. 

(b) The n’ electrons inside the metal are divided into s groups, each 
electron of a group i (i=1, 7, ... s) moving in an orbit with the quantum 
number 7 and having thus the energy e;; the number of electrons in the 
i-group is ,’. Thus n’= }o‘n/. , 

For the subcase (a) we have 


ae pied eae Beas dq: a (21) 
E, being given by (6). 


Thus 
Ww’ =A e~ (N—n) el kT e—nol eT "(2m kT )3"!? (22) 


To obtain W we multiply only by N//n/n'!, but do not need to multiply 
by n’! as all orbits are similar. In the case of a space-lattice formed by 
n electrons, two electrons chosen at random differ in general by their 
frequences as there are 3m frequencies for m electrons. There is thus 
a physical difference between them, while in the case of absolutely 
similar orbits no such difference exists. Thus we finally obtain by com- 
puting W and putting d logW/dn=0, 


log n—log (VN—n) =log V—(g—e)/kT+3/2 log (2rmkT) 
or introducing again mo, and putting m’ for N—n 
ng = n' (2armk)3!2T3!2e— (9-0) kT (23) 
i=2rn'emk?T2e- (9-8)! kT (24) 


The factor 7? in this case is due to the fact that we have assumed the 
energy E; of the electrons in the crystal to be n’e, i. e. independent of 7, 
and therefore we have in (1) c=dE/dT=0. 

In the subcase (b) things are much more complicated. We have 


t=) 
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and to obtain W we must multiply W’ by 
N!/ntnyin's:. . . 1’! 


W is a function of m and of any (s—1) of the n,’ the remaining one n,’ 
being given by the equation 


i=s 
n+ >on'=N. 


i=1 


We have the equations 
dW/dn=0 ; dW/dn,'=0; . . . dW/dn,’=0 


from which we find ” and n,’. ° 

The explicit solution of the problem requires the knowledge of the 
function giving the energies e; in terms of quantum numbers. We may 
also simplify the problem by assuming that the partition function of 
the inside electrons is not considerably altered by the emission, and 
therefore 1,’ are known functions of e; and T. 

The case 3b seems to be the most plausible and will be investigated 
in another paper. We did not apply the quantum theory when dealing 
with space-lattices. This, of course, limits the application of our consider- 
ations to high temperatures, when the quantum theory degenerates into 
the classical one and the law of equipartition holds with greater ap- 
proximation. Experimentally we nearly always use this range of tem- 
peratures. 

It is noteworthy that the experimental results do not allow us up to 
the present time to make a choice between the different cases discussed 
in this paper. In a quite recent article'? Dushman, Rowe, Jessie Ewald 
and Kidner give the results of very accurate measurements on tungsten, 
molybdenum and tantalum. They find that the points representing 
log i—2 log T as a function of 1/T fall very accurately on a straight line. 
Unfortunately, a very close agreement is obtained also in plotting 
log i—} log T (which corresponds to a=3) or logi+ log T (which cor- 
responds to a= —1). Using the values given in the Table V of the article 
mentioned, plots were made and it was found that no preference can be 
given to any of the expressions. 


RESEARCH DEPARTMENT, 
WESTINGHOUSE ELECTRIC AND MANUFACTURING Co. 
East PItTsBuRGH, Pa. 
March 26, 1925. 


'* Dushman, Rowe, Ewald and Kidner, Phys. Rev. 25, p. 338 (1925). 
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PHOTO-RESISTANCE EFFECT FOR METALS AT 
LOW TEMPERATURES 


By RussELt S. BARTLETT 


ABSTRACT 


Photo-resistance effect for sputtered metallic films at low temperatures.— 
Waterman’s equilibrium theory of resistance predicts an effect for metals, 
increasing as the temperature is decreased. To test this, thin sputtered films, 
after aging, were held at liquid air temperature and illuminated with light 
from a quartz mercury vapor arc, with or without screens. Bismuth showed 
the largest decrease in resistance, 16 X10~*, palladium 14X10~*, copper 1.6 X 
10-*, platinum even less and gold and silver no detectable change. The order of 
these metals is in agreement with the theory. The effect was not in general 
instantaneous but increased with time along a saturation curve, and in the 
dark returned only slowly toward the original value. The effective wave-length 
was found to be beyond 3000A for fresh Bi films, but the threshold seemed to 
move to longer wave-lengths with age. Some older Bi films showed a reverse 
positive effect of even larger magnitude which apparently is due to longer 
wave-lengths, but the exact circumstances were not definitely fixed. The 
magnitude of the negative effect for Bi decreased rapidly with increasing 
temperature, to 3X10-* at —110°. Tellurium, sensitive at room temperature, 
showed a 70 percent greater effect at — 185°C. 

Temperature coefficient of resistance of sputtered films——For Bi the 
coefficient decreased from .0014 at O°C to practically zero at —185°C. In 
general, the coeff cients were smaller for the sputtered films than for the same 
metals in bulk. 


INTRODUCTION 


T APPEARS to be well established that metals, under the influence 

of light, show no change in electrical conductivity other than that due 
to the heating effect of the radiation absorbed.! As we pass from good 
conductors to the poorly conducting metalloids and non-metals, we find 
an increasing photo-resistance effect. Waterman? has suggested a theory 
which accounts for this variation and at the same time indicates that 
metals should show a photo-resistance effect at very low temperatures. 


THEORY 


From theoretical considerations, Waterman derived an expression 
for the electrical resistance of the form 


p=ATeeh/?—1 


1L. Ancel (Zeits. Elektrochemie, 9, 695, 1903) makes a reference of uncertain signifi- 
cance to light sensitivity of metal plates. Since, however, nothing further on the subject 
can be found in the scientific journals of that time, it would seem that he was merely 
speculating on the possibility of such an effect. 

2? Waterman, Phys. Rev. 22, 259, 1923. 
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where A is a constant characteristic of the element, and a is a constant 
having the value 5/4 for most metals. For such metals 


b=(¢o—Yo)/2R 


where @o is the photo-electric and Yo the thermionic work function; c in- 
volves the specific heat of electricity.* The effect of incident light should 
be to reduce ¢ and thus diminish the energy (¢)—wWo) necessary to create 
a free electron. This disturbs the equilibrium condition and leads to an 
increase in the number of free electrons in the metal. 

If b is calculated from specific resistance data at different temperatures, 
it is found to be small for all metals, so that the factor e’/? is nearly 
unity except at low temperatures. But when T is sufficiently small this 
factor becomes effective, and a change in ), due to incident light, should 
alter the resistance. Assuming, as seems reasonable, that when 3 is 
large its change under the influence of light will also be large, it is possible 
to predict the metals most favorable for the result sought. 

Such calculations were made, indicating that Pd, Cu, Pt, Rh, in that 
order, are particularly suited for this work. Following them are Na, Cd, 
Sn, Te, Ag, Au, etc. 

Bismuth is peculiar in many of its properties, and as such might not 
follow the simple theory outlined. But considerations similar to those 


applied to other metals indicate a sensitivity larger than that for pal- 
ladium. Further favorable indications are found in the fact that bismuth 
has a high specific resistance and is a border substance between metals 
and non-metals. 

Iron and nickel were uncertain because of transition points and the 
effect of impurities. 


EXPERIMENTAL PROBLEM 


Preparation of thin films. ‘A preliminary trial was made with thin 
metallic foils and fine wires at liquid air temperature, but no change in 
resistance was noted under the influence of light. It appeared that thin 
films of a wide variety of metals were necessary, and the method of 
cathode sputtering was selected as the means for obtaining these. ‘The 
apparatus used was similar to that described by Richtmyer and Curtiss‘ 
and by Perkins.’ Au, Ag, Pt, and Pd sputtered readily in residual air 
with a 2 to 4cm cathode dark space. Bi and Te required a dark space of 


* This term, which is in general small except at high temperatures, has been added 
by Waterman in a supplementary paper: Waterman, Phys. Rev. 23, 781, 1924. 

‘ Richtmyer and Curtiss, Phys. Rev. 15, 465 (1920). 

§ Perkins, Jour. de Phys. et le Radium (IV), 4, 246 (1923). 
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6cm or more for most rapid deposition. For copper, to avoid oxidation, 
the discharge tube was filled with hydrogen at a pressure just sufficient 
to support the discharge at 10,000 volts. 

The thickness of the films was obtained by weighing, assuming the 
density to be the same as that for bulk metals. The thickness, below a 
certain critical value, seemed to have no effect upon the results. 

It was found that the resistance of 
freshly sputtered films varied con- 
siderably with time, so that it was C) Source 
necessary to age all the films either | 
naturally or artificially before taking 
resistance measurements. The de- <Ky> Quartz Lens 
gree or method of this aging appeared 
to have no effect upon the behavior : 
of the film under the influence of 
light. An exception to this in the case | | Quartz Cell 
of bismuth is discussed later. Of all 
the metals used bismuth alone showed 
an increase of resistance with aging, 
the others all showing a very marked 
decrease. 

Contacts which maintained a cons- 
tant resistance over the range of 
temperatures investigated were made 
by sputtering the ends of the films aie 
heavily with gold, and attaching x~ | NS 
permanent leads by means of brass . if 
clamps. For higher resistance films, x 
“clamping paste,” furnished through 
the kindness of the General Electric 
Company, was used with similar 
clamps, and proved satisfactory. The 
connections to the resistance measuring apparatus were made by dipping 
the leads into mercury cups. 

Source of radiation. As a source of radiation a quartz mercury vapor 
lamp was used. A quartz lens, quartz cell, and shutter were arranged 
as shown in Fig. 1. This gave a limit on the short wave-length side of 
about 2000 A. Absorbing filters, as described by Williamson,® were used 
in the cell to limit further the wave-length range, to fix the region of 














Shutter 








Liquid Air 























Fig. 1. General arrangement of 
apparatus. 


* Williamson, Phys. Rev. 21, 107 (1923). 
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effective wave-lengths, and to eliminate as far as possible the inactive 
heat radiation. 

Temperature control. The temperature of liquid air, taken as about 
— 185°C, was the lowest available. For this temperature the metal films 
were placed in actual contact with the liquid air. By means of films 
sputtered on quartz and inverted with the metal just touching the liquid 
air, the absorption of light in the liquid air was avoided, and by com- 
parison it appeared that the absorption in a thin film was negligible. 
Slightly higher temperatures could be obtained with sufficient constancy 
by means similar to that shown in Fig. 1, the metal foil being suspended 
above the liquid air and surrounded by it, though not in actual contact. 
For still higher temperatures a bath of petroleum ether was used. Tem- 
perature measurements were made with a pentane thermometer, cali- 
brated in liquid air and in freezing ether, acetone, chloroform, and dis- 
tilled water. Sufficient time was always given before taking measurements 
to allow the temperature to become constant. 

Resistance measurements. A potentiometer method was found to be 
the most satisfactory for measuring small changes of resistance and at 
the same time eliminating extraneous disturbing factors. A Leeds and 
Northrup type H.S. galvanometer was used in connection with a Wolff 
potentiometer of 15,000 ohms internal resistance. Lead storage cells 
furnished a constant potential difference. Since the resistance of the 
film was small compared to the resistance in series with it, after the bridge 
had been balanced and the key closed, the change in resistance on illu- 
mination could be measured by the galvanometer deflection. The current 
through the metal strips was kept at as large a value as possible without 
appreciable heating. With this arrangement it was possible to measure 
changes of resistance of one part in three million, or slightly better. By 
taking a large number of readings under identical conditions, errors due 
to slight fluctuations were largely eliminated. The arrangement of the 
apparatus was such that the flow of heat between the warm and cold 
parts would have a very small disturbing influence, so that after a short 
time a very good balance could be obtained. By measurements made on 
a film sputtered completely except for a slight break in the middle, i 
was shown that the changes in conductivity of glass and liquid air under 
the influence of light, were of such an order as to have no appreciable effect 
on the result, and that conduction due to emission electrons could be 
neglected. 

Elimination of temperature effects. The most serious problem was that 
of distinguishing changes in resistance due to a slight rise in temperature 
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upon illumination from the true photo-resistance effect looked for. Care- 
ful measurements were made to determine the nature of the temperature 


coefficient of resistance, in sign and magnitude, and its variation with 
temperature. Special care was taken with bismuth and palladium because 
of their negative coefficients. A typical curve of the resistance tem- 


perature relation, given in Fig. 2 (A), shows that the coefficient for Bi is 
continuously negative down to —185°C,’ but that the value decreases 
rapidly towards this limiting temperature, so that the possible effect of 
heating would be very small for liquid air temperature. A smaller and 
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Fig. 2. Bismuth films. Curve A. Resistance as a function of temperature. 
Curve B. Photo-resistance effect as a function of temperature. 


generally similar coefficient was obtained for palladium. Tellurium 
showed a. much larger negative coefficient. The other metals used all 
showed positive temperature coefficients of resistance, though much 
smaller than for the same metals in bulk.® 

From these data and from the results of investigations on screening 
by distilled water and on constant temperature baths, it was concluded 
that the effect due to heating by incident radiation was in all cases small, 
and entirely negligible if a distilled water screen was used. Since this 


7 Becker and Curtiss (Phys. Rev. 15, 457, 1920) have remarked this negative tem- 
perature coefficient for bismuth for the range 0° to 150°C. The results check very well 
for the region common to both investigations. 

8 Longden (Phys. Rev. 11, 40 and 80, 1900) and Patterson (Phil. Mag. 4, 652, 1902) 
have both noted this low temperature coefficient of resistance for sputtered films. 
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screen cut off somewhat on the short wave-length side, it was thought 
advisable also to take some measurements without it. 


RESULTS 


Sputtered films of gold and silver showed no measurable change in 
resistance under the influence of light. Platinum showed a probable 
decrease in resistance, but so small as to be barely discernible, less than 
one part in 10°. This appeared only for the thinnest films used, about 
10-* cm in thickness, and for the shortest wave-lengths, below 2500A. 

Copper showed a very definite and instantaneous decrease in resistance 
under the influence of light for the thinnest films used, 1.510-° cm in 
thickness. The decrease was found to be between 1.1 and 1.6 parts in 
10° for different films, the corresponding increase on darkening being 
about half. It is probable that the original value was reached after a 
slight lapse of time. 
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Fig. 3. Photo-resistance effect as a function of wave-length. 











Palladium and bismuth showed much larger changes, amounting to 
14 and 16 parts in 10° respectively. For both of these metals various 
absorbing screens were used, the decrease in sensitivity with longer wave- 
lengths being indicated in Fig. 3. For bismuth the decrease in sensitivity 
for increasing temperature was investigated, the results appearing in 
Fig. 2 (B). 

It would be expected that any effect would depend directly on the 
intensity of incident light, and this was roughly confirmed. For the ob- 
servations noted above or indicated in curves, the same intensity was 
used in all, excepting that the use of an absorbing screen to cut out certain 
wave-lengths slightly diminished the intensity of others. 

Tellurium films, sensitive at room temperature, showed a considerable 
increase in sensitivity at liquid air temperature, in agreement with the 
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prediction of theory. The sensitivity decreased with increasing wave- 
length, the effective limit being near 4500A at 20°C, and slightly longer 
at —185°C. A curve showing the decrease of resistance with time of 
illumination at 20°C and at —185°C is given in Fig. 4 and will prove 
useful for comparison with others to be discussed later. 

These results conform rather well with predictions. Bismuth might 
be expected, from resistance data, to show the largest light sensitivity, 
and such was the case. Palladium, copper and platinum follow in that 
order, from observation, and from theoretical considerations. The 
evidence appears, then, to support Waterman’s prediction of a light 
sensitivity for metals at low temperatures, and to justify the general 
form of his equation as far as the term e’/7 is concerned. Quantitative 
deductions are not possible with the data available at present. 


| | 





— 


ii > | ie | . sec 
Fig. 4. Tellurium films. Photo-resistance effect as a function of time. Curve A. At 


—185°C; Curve B. At 20°C. Break in A is at the point where 
illumination was shut off. 











It seems probable that the magnitude of this light sensitivity could be 
greatly increased through the use of thinner films, shorter wave-lengths, 
and lower temperatures. With sufficient refinements in these particular 
it should be possible to find a light sensitivity for many more metals. 

In addition to the results given above, another peculiarity of bismuth 
films was noted, an increase of resistance under the influence of light for 
certain conditions. Thus a single film would at one time show a decre se 
in resistance and at another an increase. 

A film soon after sputtering showed only the normal and expected 
decrease in resistance. With continued aging the reverse effect increased. 
At a certain time in this aging process it was possible to obtain a decrease 
in resistance by using a distilled water screen, and an increase without 
‘the screen. With further aging the increase of resistance alone could be 
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noted, though the distilled water screen always decreased this greatly. 
A screen of glass had a similar and somewhat greater effect, while paraffin 
transmitting in the long infrared did not entirely eliminate the change. 
It appears probable that this increase in resistance is due to long wave- 
lengths. 

The reaction to light appeared to be practically instantaneous, reach- 
ing a nearly steady value after a short time. The increase in resistance 
was in some cases as large as 8 parts in 10,000 or about 50 times as great 
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Fig. 5. Bismuth films. Negative photo-resistance effect as a function of time. 
Curve A. Age 14 days, thickness 3 X10~* cm (lower scale of abscissas). 
Curve B. Age 20 days, thickness 10 X 10~-* cm (lower scale). 

Curve C. Age 30 days, thickness 6 X10-* cm (upper scale). 





as the maximum decrease noted. Upon shutting off the light, there was 
no instantaneous change but a gradual and very slow decrease, indicating 
that the original resistance would be reached only after a very long time 
if at all. A graphical representation of these results is given in Fig. 5. 
It is interesting to compare these curves with those of Fig. 4. 

The temperature appeared to have little effect upon the magnitude of 
this change. 

Further investigation of this phenomenon is being carried on at this 
time in the hope of obtaining enough additional data to determine to 
what this effect is due. Perkins has called my attention to the fact that 
radiation has an effect upon the aging of bismuth films. He found that 
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screening greatly reduced the rate of increase of resistance. This was 
confirmed, a slight decrease in resistance being noted in one or two 
cases. These two phenomena may quite possibly be related. We may 
perhaps postulate a structural change such as that used to explain posi- 
tive and negative light sensitive selenium; or we may find that this effect 
is in some way related to the magnetic properties of bismuth. 

I wish to express my thanks to Professor A. T. Waterman, who sug- 


gested the problem, for continued assistance and interest, and to Pro- 
fessor J. Zeleny for his kindness in placing facilities at my disposal. 


SLOANE LABORATORY, 
YALE UNIVERSITY, 
April 20, 1925.* 


*First draft of article received July 15, 1924—Ed. 
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A THEORY OF ELECTRICAL CONDUCTION IN METALS 


By ALFRED WOLF 


ABSTRACT 


The electrons are assumed to have kinetic energy corresponding to the 
thermionic work function W and to move on orbits which form a space lattice 
with a constant 6 of the same order as that of the positive ions 6;. At each 
critical point of an orbit, each of the six directions are taken as equally probable. 
Treating the problem as a kind of Brownian motion and applying the virial 
theorem, the specific conductivity o is found approximately equal to 0.6 
Ne?(5?/h)eW/E, when E is the mean heat content of one degree of freedom of the 
metal. The observed and calculated values of o (taking 6=6,) are in fair 
agreement for Ag, Au and Cu. For Na, o(obs.) is twice o(calc.). Better agree- 
ment would be obtained if 6 were taken as 1.56;, but uncertainty as to the 
values of W and as to the error introduced by applying the virial theorem to 
discontinuous processes makes this of little significance. 


HE theory of conduction in metals, here presented, is based on the 
properties of space lattices and the theory of Brownian motion. 
Recently J. Frenkel! and Hojendahl? developed views somewhat similar 


to those to be given. There are differences in essential points between 
Frenkel’s theory and that presented here, but some developments have 
been modeled on Frenkel’s views. 

We shall regard a metal as a space lattice of positive ions in fixed posi- 
tions (except for heat motion) and electrons moving on definite orbits 
between these ions, their motions being subject to quantum conditions. 
The paths of electrons we shall assume to form a space lattice in the 
metal. On this lattice electrons move in a disorderly fashion, at least as 
far as direction of motion is concerned. The space lattice constant 6 will 
be very closely related to the lattice constant of the metal 6;, e.g.6=6, 
or 6=1.56;. The quantum conditions for the electrons should be applied 
between critical points of the lattice. 

According to a well known theorem of mechanics, the mean kinetic 
energy of the electrons at absolute zero will be equal to the energy neces- 
sary to remove an electron from the metal, which in turn is equal to eW, 
where W is the thermionic work function and e is the electronic charge. 
For a discussion of this assumption and numerical calculations, reference 


1 J. Frenkel, Zeits. f. Phys. 29 (1924). 
* Hojendahl, Phil. Mag. 48 (1924). 





THEORY OF ELECTRICAL CONDUCTION IN METALS 257 


may be made to an article of J. J. Weigle.* At temperatures higher than 
the absolute zero we must have 

dmv? =eW+aE (1) 
where v* is the mean square velocity of electrons, m the mass of an elec- 
tron, and E the mean heat content of one degree of freedom of the metal. 
The constant a will be of the order of unity, e.g. 1/4 or 1/8. Equation 
(1) should not be interpreted as giving an increase of the heat content 
of the metal over the value given by Debye’s theory, but rather as an 
expression of the fact that there is additional potential energy between 
electrons and ions due to the heat content of the body. In the theory of 
electrical conduction the quantity aE can be neglected as compared with 
eW. 

Let 7 be the time between instants of passing successive critical points 
by anelectron. According to quantum conditions, we have h/t =2eW or 
tT=h/2eW. 

As soon as an electron reaches one of these critical points all the direc- 
tions in which it can move become equally probable and assuming the 
number of directions to be six, the probability that it will move a distance 
26 in a single direction is 1/6. Similarly the probability of moving a dis- 
tance ké in a single direction will be (1/6)*-'. The mean square dis- 
tance that an electron will move in one direction is therefore, 


1+4(1/6)+9(1/6)?+ ° 
1+1/6+(1/6)*+ ° 

A different space lattice would change this expression only very slightly. 
By employing a reasoning familiar from the theory of Brownian mo- 


tion, we find that after crossing a critical point m times, the mean value of 
the square of the distance of an electron from its original position will be: 


A? =6 





rn? = md? =1.8652n (3) 


A type of reasoning similar to the above, but one which seems to the 
. writer more rigorous, leads to a factor 1.4 in place of 1.8 in Eq. (3). In 
view, however, of the approximate nature of the assumptions involved, 
this alteration was neglected in the following. In the time ¢ the electron 


crosses n=t/r critical points and consequently 7,?=1.86t/r or, taking 
the component in one direction 


x?=47,2=0.66°t/7. (4) 


3J. J. Weigle, Phys. Rev. 25, 187 (Feb. 1925). 
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According to an equation given by Einstein‘ we also have 


x? =2Dt ( 


where D is the coefficient of diffusion of electrons. No gradient of con- 
centration of electricity can occur in a metal and the coefficient of dif- 
fusion assumes a meaning only if we distinguish between some class of 
electrons and the rest. 

The action of an electric field on electrons will consist in imparting a 
certain momentum in the direction of the field at a uniform rate. If we 
consider the interaction of the electrons among each other it appears 
obvious that this momentum will be conserved. As however, from 
statistical and thermodynamic considerations, this increase of energy of 
electrons cannot be permanent, it must be transferred to the positive 
ions, thereby resulting in an evolution of heat. In an electric field there- 
fore, the electrons will at first acquire a mean acceleration, but very soon 
the interaction with positive ions will cause them to give up as much 
momentum as they gain and their mean velocity in the direction of the 
field will then become constant in time. 

An interaction of this kind will be represented by a viscosity coeff- 
cient uw. In an electric field F the mean velocity will be (e/u)F and the 
conductivity becomes ¢ = Ne e/u = Ne?/u where N is the number of valence 
electrons per unit volume of the metal. 

Our object now will be to calculate u. The rate at which momentum 
is lost by electrons being ux, we have 


~—giise Tak (6) 


where M and X refer to positive ions and the summation is extended to 
all positive ions and electrons. 

As the transfer of momentum takes place in a disorderly fashion with 
regard to coordinates, we have also, by the virial thorem, 


—p>ixx= >MXX (7) 


jem M d® Yo <p 8 . 
(x*) => 5X) - MX (8) 


uh od 
2 dt 


Considering that no diffusion of positive ions takes place and with 
regard to Eqs. (4) and (5) we find 


(0. 362/r)u=pD=MX°=E. (9) 


‘ Einstein, Ann. der Phys. (1905). 
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The mean heat content of one degree of freedom of the metal can accord- 
ing to Debye be written as 


- 3 0/T x8dx 
E=RT / ; (10) 
(60/T)8 e*—1 


0 
The equations (6) and (7) represent an application of the virial theorem 
to a discontinuous process and Eq. (9) can therefore be only approxi- 
mately correct. 
From (9) it follows that 


u=3.37E/8? (11) 


and if we consider (2) the expression for conductivity ¢ becomes 


1 6? 5? eW 
o =—Ne?-==0.6Ne*— —. (12) 
3.3 TE h E 

We shall now give a brief discussion of the limitations of the theory 
and compare the numerical values obtained from Eq. (12) with those 
actually observed. 

In the first place as regards the variation of electrical conductivity with 
temperature it was shown above why (12) cannot be exact. Polarization 
of the ions and the quantity aE in Eq. (1) will, probably, be only of 
secondary importance. Qualitatively, however, the curve showing the 
heat content of solids is similar to that representing the resistivity of a 
metal and indeed formulas like 1/a— TC, or 1/o — hy/(e**/*"—1) have 
been proposed by various authors. Quantitatively, the agreement 
is not very good; even for temperatures as high as 0°C the theory gives a 
temperature coefficient of resistivity 20 percent higher than observed 
(Ag, Cu, Au). 

As regards the actual value of conductivity there are difficulties in the 
numerical interpretation of the quantity 6 in Eq. (12). For lack of any 
better value this was taken to be equal to the space lattice constant of 
the metal considered. 

Below is given a table of observed and computed values for some 
univalent metals. The low calculated value of o for Na will be explained 
below. W for Cu, Ag, Au was taken as 4 volts. 


Metal: Na Cu Ag Au 


o« X10- (obs.): 22 64 67 45 

(calc.): 10.6 61 50 47 
(1/0)(do/dT) (obs.): .0050 .0043 .0040 .0039 
(calc.): .0046 .0054 .0049 .0046 


5 Wien, Berl. Ber. 1913 (Part 1); 
Griineisen, Verh. Deutsch. Phys. Ges. 15 (1913) and 20 (1918); 
Wereide, Ann. der Phys. 55, 589 (1918). 
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In view of the fact that the variation of resistivity with temperature 
is given only approximately, no exact agreement can be expected between 
the observed and calculated values of conductivity. If we consider that 
according to recent measurements the value of conductivity of a crystal 
of Cu is about 15 percent higher than that given above, we find that the 
order in which the metals Cu, Ag, Au are placed by the theory agrees 
with experiment. 

There is one more point where the theory can be tested experimentally. 
According to Eq. (1) we have 

r=6/v=h/2eW or v=(2eW/h)b 
and on the other hand 
Vy? = /2eW/m . 
Metal: Na K Cu Ag Au 
ve: 8 7 1.2 1.2 1.2 (108) 
v : .38 .39 i 8 8 (X108) 

As a matter of fact we should have v< Vz? but the difference between 
the calculated values seems rather too large to be explained by that alone. 
In particular in the case of Na it seems to indicate that 6 is greater than 
the space lattice constant, a result which also explains the low value of ¢ 
obtained from Eq. (12). : 

It might seem at first sight that from the values of Vy? and v given 
above we might calculate the value of 6 and then substitute in the formula 
for conductivity. On account, however, of some uncertainty as to the 
numerical value of W only slight importance can be attached to that 
procedure. 

In conclusion, it should be pointed out that an exact theory of conduc- 
tion can probably be given only when the properties of the positive ions 
of the metal are taken into consideration. A considerable improvement 
could, however, be obtained by taking into account the discontinuous 
variation of momentum of electrons instead of using the virial theorem 
as has been done in this paper. 


RESEARCH SECTION, 
RANDAL MorGAN LABORATORY, 
UNIVERSITY OF PENNSYLVANIA. 
March 25, 1925. 





MAGNETIZATION AND MAGNETIC HYSTERESIS 


EFFECT OF TENSION UPON MAGNETIZATION AND 
MAGNETIC HYSTERESIS IN PERMALLOY 


By O. E. BuckLEy anp L. W. MCKEEHAN 


ABSTRACT 


Magnetic properties of permalloy.—Effect of tension on magnetization and 
hysteresis. Wires of 5 nickel-iron alloys containing 45, 65, 78.5, 81 and 84 per- 
cent Ni, 60 cm long and 0.1 cm in diameter, were studied by a ballistic method, 
for tensions up to 10,000 lb per in.* and fields up to saturation (10 to 20 gauss). 
Permalloy with 81 percent Ni is nearly indifferent to tension in its magnetic 
behavior; permalloy with less nickel is more easily magnetized and has less hys- 
teresis when under tension, while 84 percent permalloy is more difficultly mag- 
netized and has greater hysteresis when under tension. The saturation values 
are independent of the tension. In 78.5 percent permalloy, under a tension of 
3560 lb per in.*, saturation is reached at only 2 gauss (and is practically complete 
at 0.2 gauss) and the hysteresis loss is only 80 ergs per cm* per cycle, so small 
that it may be regarded as due to slight inhomogeneity rather than to any essen- 
tial features of the magnetization process. Relation to crystal orientation. 
X-ray examination proves that this abnormally low loss is not due to any 
peculiar orientation of the crystal axes as the crystals are found to be oriented 
at random. Magnetostriction behavior can be deduced from these results. Above 
81 percent Ni, permalloy contracts like Ni while below 81 percent Ni, permalloy 
expands like Fe. 

Demagnetising factor for a wire with a length 600 times the diameter, was 
determined experimentally and found to vary from a maximum of 1.6 X10™ to 
a low value, the changes being like these previously described by Benedicks 
for iron. 


INTRODUCTION 


HE name permalloy has been given to a series of nickel-iron alloys so 

heat-treated as to possess initial permeability much in excess of that 
possessed by pure iron. Arnold and Elmen! announced the discovery of 
this material and gave a brief review of some of its properties. They 
noted the fact that the magnetic properties of permalloy are extremely 
sensitive to mechanical stresses and in particular that in certain samples, 
tension within the elastic limit reduced the permeability at certain low 
field strengths to one-tenth of its value in the unstressed sample. The 
work here reported is the result of a more detailed study of the effects of 
stress, undertaken in the hope that the behavior of permalloy in this 
regard would help to explain the fundamental process in magnetization. 


EXPERIMENTAL WoRK 


1. Materials. It was found by preliminary experiments that the 
effects of homogeneous tension and compression are opposite in sign, 


1H. D. Arnold and G. W. Elmen, J. Frank. Inst. 195, 621-632 (1923). 
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and the former was chosen as easier to apply in the case of long samples. 
Wires of circular cross-section were used in obtaining the data here 
reported, although flat tapes like those used by Arnold and Elmen! gave 
similar results. A consideration of end effects, to be discussed below, led 
to the adoption of a standard diameter of about D =0.1 cm and a standard 
length of about L =60 cm, so that the dimension ratio L/D =600. The 
magnetizing solenoids extended over nearly the whole length of the 
sample, and the search coil, containing many thousand turns of fine 
wire, occupied about the middle quarter of its length. Under these condi- 
tions the results approximate to those that would be obtained with a ring 
sample unless the magnetic permeability much exceeds 10,000. Descrip- 
tions of the apparatus and methods employed in applying tension and in 
measuring changes in magnetization of the wire produced by changes in 
the applied field are contained in a recent paper by Cioffi,? to which the 
reader is referred for further details. 

Previous work! had resulted in the accumulation of a series of alloys 
extending from nickel to iron by steps of 5 percent or less in nickel con- 
tent, most of the alloys lying in the permalloy range, and containing, 
besides nickel and iron, about 0.2 percent manganese, 0.4 percent cobalt, 
and 0.2 percent non-metallic impurities. In order to compare these 
alloys annealed at 1000°C in vacuum, with others of higher purity, some 
stocks of iron and nickel were chemically purified, and 10-gram samples 
made up from these in different proportions were thoroughly mixed in 
the form of fine powder, compressed into blocks, sintered in vacuum, 
swaged, and drawn into wires of the standard size. The straight wires 
were then annealed for about an hour at 960°C in vacuum and allowed 
to cool to room temperature in about an hour. The samples so prepared 
are estimated to contain less than 0.05 percent total impurities. They are 
coarsely crystalline and for this reason somewhat unsatisfactory from a 
mechanical standpoint, the tensile strength being quite variable. Later 
experiments showed, however, that this crystalline structure, and the 
mechanical weakness resulting from it in certain cases, have little effect 
upon the magnetic properties of permalloy, so that we feel justified in 
regarding results obtained with these samples as characteristic of the 
compositions tested. The alloys of this series contained from 90 to 35 per- 
cent of nickel. 


2. Magnetic results. The magnetic measurements were of two classes. 
In the first class the specimen was demagnetized and subjected to a series 
of alternating magnetizations with the desired applied field before the 


2 P. P. Cioffi, J. Opt. Soc. Amer. R. S. I., 9, 53-60 (1924). 
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change in induction through the search coil due to a single reversal of the 
field was measured. A series of such measurements for different applied 
fields gives a good approximation to the normal magnetization curve of 
the material provided that proper care is taken to compensate stray fields 
throughout the process. Table I gives a typical set of data and results, 
the method of reduction being fully described below. Figs. 1 to 3, in- 
clusive, exhibit normal magnetization curves as obtained in these ex- 
periments for five characteristic alloys, four of the purer series (84, 81, 


TABLE I 


Representative calculations for 84 percent Ni, 16 percent Fe, (Fig. 1). 
Tension =0; A =0.426 cm*; Jo =780; H,(initial) =0; 4%4A,;=0.1029 cm?. 








Gal- 
Ha.  vanometer A® Al’ ig 10‘N AH 
final deflection (=I’) le (=H) 


0.00196 6.0 0.063 0.60 .600 0.00186 0.60 
0.01000 29.8 0.314 3.02 .600 0.00952 3.02 
0.0176 54.5 0.573 5.50 .600 0.01652 3.91 
1 
2 
3 





001 
.004 
.007 
.015 
027 
047 
123 
360 
.519 
644 
745 
900 
966 


0.0352 113.2 .191 11.34 .600 0.0334 11.35 
0.0587 205.8 .16 20.8 .600 0.0554 20.8 
0.0929 23 .0* 84 37.0 .600 0.0870 37.0 
0.166 59.3 >. 95.6 .600 0.1507 95.7 
0.352 173.8 a. 281 .600 0.307 281 
0.587 96.3* 41. 404 .600 0.522 404 
0.978 120.0 52. 502 0.898 503 
1.56 139.5 60. 581 1.468 582 
4.62 171.0 74. 702 4.52 703 
9.82 188.6 81. 754 9.76 754 


0. 
0 
0 
0 
0. 
0. 
0. 
0. 
0 
0. 
0. 
0. 
0. 


CO wes 








* Change in sensitivity of galvanometer. 


65 and 45 percent nickel), and one of commercial purity, (78.5 percent 
nickel), in various conditions as to tension. In order to cover the great 
range in H and J, it has been necessary to use three sets of scales in each 
figure. 

In the second class of experiments cyclic conditions were established 
between arbitrary limits in applied field, and the hysteresis loop between 
these limits was then obtained. The method of doing this and the pre- 
cautions necessary for obtaining symmetrical loops have been dealt with 
elsewhere by McKeehan and Cioffi. Table II gives a typical set of data 
and results. Figs. 4 and 5 exhibit hysteresis loops as obtained in these 
experiments for the same five samples as were used for the experiments 
of the first class. 


*L. W. McKeehan and P. P. Cioffi, J. Opt. Soc. Amer. R. S. I. 9, 479-485 (1924). 
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Attention is particularly directed to the opposite character of the effect 
of tension in high-nickel and in low-nickel permalloy, to the relative in- 


difference of the 81 percent Ni permalloy to tension, particularly in low 
1400 


84 Ni -l6Fe 
| © NO TENSION 
_ 2020 'b/in? 
139 x10°4YYem2 


bin? 
|< TENSION oe 


+ TENSION 


346x108 4m? 


10000 'b/in2 
anaes ~ xl0®dyrem? 


Ni 81 - Fel9 


° NO 
2020 lb/in? 
+ TENSION 139x108 dyn/cm? 


5000 !b/in? 
x TENSION 3.45 x108 Sy"/em® 


10000 *©/in 
“TENSION | 69x10 8dyM/em? 


2 + 6 8 10 12 14 6 8 20 
H 


Fig. 1. Magnetization curves for 84 and 81 percent Ni permalloy; 
tension as indicated. 


fields, and to the fact that the saturation values of magnetization are 


quite independent of tension. We will return below to a consideration 
of the significance of these results. 
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3. Reduction of magnetic measurements. The reduction of the data 
is theoretically very easy. The applied magnetic field H, is proportional 
to the magnetizing current 7. That is, 

H,=cy. (1) 


0 
se 78.5 Ni-215 Fe 


e NO TENSION 
3560 !b/in? 


2.46x10°9Y Vem? 


+ TENSION 
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Fig. 2. Magnetization curves for 78.5 and 65 percent Ni permalloy; tension as indicated. 


By the construction of the magnetizing coils, constantc;=10 gauss/amp. 
The change of magnetic flux A® through a single search coil turn 
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(of mean area) is proportional to the galvanometer deflection 6; that is, 
Ab =c25. (2) 
Values of the constant cz were determined by frequent calibration for the 
various series resistances used with each galvanometer to vary its sensi- 
tivity. 
TABLE II 


Representative calculations for 84 percent Ni, 16 percent Fe, (Fig. 6) 
Tension =0; A =0.426 cm?; Jo =780; 447A; =0.1029 cm*; N=1.600 X10". 








H, initial H,final Galv. defl. Ag Al’ I'(=T) I'/Ie 


+1.000 +0.800 —114.0 — 2. —21.4 +462 0.592 
—1.000 —0.800 +115.2 + 2. +21.7 —461 591 
+1.000 +0.300 — 96.0* —11. —110.6 +372 477 
—1.000 —0.300 +96.0 +11. +110.6  —371 .476 
+1.000 0.000 —190.6 —23. —222 +261 .334 
—1.000 0.000 +190.0 +23. +221 —262 .336 
+1.000 —0.150 —94.0* —39. —384 + 99 127 
—1.000 +0.150 +90.0 +38. +367 —116 .149 
+1.000 —0.400 -—190.0 —80 —780 —297 381 
0 
8 
.0 





—1.000 +0.400 +190 +80. +780 +297 381 
+1.000 —1.000 —235 —100. —966 —483 .620 
—1.000 +1.000 +236 +100. +966 +483 -620 | 


ye & © ON CEN 








* Change in sensitivity of galvanometer. 
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Fig. 3. Magnetization curves for 45 percent-Ni permalloy; tension as indicated. 


Let A = mean area of a turn of the search coil; A; =area of cross-section 
of the sample; V = demagnetizing factor (due to limited length of sample) ; 
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Fig. 4. Hysteresis loops for 84, 81, 78.5 and 65 percent Ni permalloy; tension as indicated. 


























268 O. E. BUCKLEY AND L. W. MCKEEHAN 


H=magnetic field within the sample, at the center of its length; and J= 
magnetization of the sample, at the center of its length. Then 

AI = (Ab—AAH,)/(4rA,—NA); (3) 

AH=AH,—WNAIl. (4) 

If the simultaneous values of J and H are known for the initial state of the 

sample, say Jo and Ho, the general values in the mth succeeding state are 

obtainable from IT=Io+2,Al; (5) 

H=H,+2,AH. (6) 

The solution just given requires a knowledge of the value of N, which 

depends upon the shape of the sample and upon the distribution of mag- 

netization within it. While N is calculable in a few cases there is no 

general agreement as to the value appropriate to the case of a very long 


NO TE ed 
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Fig. 5. Hysteresis loops for 45 percent Ni permalloy; tension as indicated. 


cylinder. In materials in which permeability rises as high as it does in 
some of the alloys here considered a difference in the choice of N between 
the permissible limits would greatly change our estimate of H. It is not 
even allowable to suppose that N is independent of J as is usually done. 


*C. Benedicks, Ann. der Phys. (4), 6, 726-740 (1901); G. L. B. Schuddemagen, 
Phys. Rev. 31, 165-169 (1910); J. Wiirschmidt, Zeits. f. Phys. 19, 388-397 (1923). 
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A separate experiment was accordingly performed in order to determine 
N as accurately as possible under the circumstances. A magnetic yoke 
was constructed, consisting of ten permalloy rods (78.5 percent Ni) each 
1.1 cm in diameter, heat-treated so as to have high initial permeability 
and clamped at the ends in thick plates of similar permalloy, which were 
clamped in turn upon the ends of the wire under test. This complete 
cage of heavy permalloy formed both a return magnetic circuit and a 
magnetic shield. 
TABLE III 


Representative calculations for 78.5 percent Ni, 21.5 percent Fe; ( Fig. 6). 
Tension = 3560 Ib/in? (2.46 X 108 dynes/cm*); H, (initial) =0. 








Without yoke | With yoke 
H,(final) Galv. defi. A® AI'( =I’) | H,(final) Galv. defi. A® AI'( =I’) 





0.002 8 0.169 1.64 0.002 34.2 0.089 0.86 
0.010 159 3.36 32.8 0.004 162 0.423 4.11 
0.018 98* 8.09 78.9 0.006 35 .0* 3.51 34.2 
0.028 161 3. 129.5 0.010 137 13.74 134.1 
0.046 170* aes 213 0.014 76* 26. 
0.070 144* 33. 326 0.018 110 38. 
0.110 236 54 534 0.024 138 48. 
0.150 171* 74. 730 0.032 174 61. 
0.190 196.5 86. 840 0.040 202 70. 
0.400 200.5 87 856 0.052 230 80 
3.00 209 91 881 0.080 244 85. 
7.00 213 93. 881 0.150 248.5 87. 
10.0 216.5 94. 884 0.200 249.5 87. 
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* Change in sensitivity of galvanometer. 


Table III gives a comparison between results obtained on the same 
sample, under the same tension, with and without the yoke. These are 
plotted in Fig. 6, upon which the correction NJ = H,—H, the difference 
of abscissas, has also been plotted as a function of J, the ordinate. Fig. 7 
derived from the data used for Fig. 6, and other data of the same sort, 
gives N as a function of J/J,, the relative saturation of the sample. In 
correcting the value of N for small variations from the standard diameter 
it has further been assumed that N/A, is constant. In these experiment: 
NA is always small compared to 417A, so that it was found sufficient to 
use the approximate value, 

Al’ =(Ab—AAH,)/404 A, (3’) 
in determining J’ and from it the value of N (from Fig. 7 or a suitable 
table) to be used in computing AJ and AH. This method of correction, 
of course, assumes the perfection of the magnetic yoke used in deter- 
mining NV. Any imperfection in the yoke leads to too low an estimation 
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of N and makes the investigated materials appear magnetically harder 
than they really are. It is thought, however, that the error from this 
source is unimportant. Figs. 3 and 5 are plotted from data taken with 
the aid of the yoke and therefore have not been corrected for end effects. 
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Fig. 6. Magnetization curves for 78.5 percent Ni permalloy, with and without yoke. 
































In order to show more clearly the enormous permeabilities here attained 
we have, in Fig. 8, compared the uw vs B curves corresponding to Fig. 2 
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Fig. 7. Demagnetizing facter N for a cylinder with dimention ratio L/D =600. 


(78.5 percent Ni) with representative curves for commercial grades of 
soft iron and silicon steel of good magnetic quality. 

4. X-ray examination. Some theories of ferromagnetism have been 
based upon the assumption that the directions of easy magnetization in 
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any crystal are simply related to the crystal axes,> and it has recently 
been shown that the small crystals in wires and rolled sheet have certain 
preferred orientations.® It accordingly seemed possible at least that some 
of the results here obtained might be due to coincidence in direction of a 
particular crystalline direction with the axis of the wire. In order to test 
this hypothesis, samples were examined in an x-ray diffraction apparatus’ 
by a method? which indicates whether preferred orientations exist or not. 
A preliminary search for such preferred orientations in the samples here 
studied showed an approximately random distribution of the crystal axes. 
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Fig. 8. Permeability curves for 78.5 percent Ni permalloy compared with curves for 
commercial magnetic iron and silicon steel. 









































DISCUSSION OF RESULTS 


It has long been known that magnetostrictions in iron and nickel are 
of opposite sign, iron increasing in length in weak magnetic fields and 
nickel diminishing in length in all fields. It has also been reported by 
Honda and Kido? that nickel-iron alloys show a change in the sign of 
their magnetostriction at a composition not far from 80 percent nickel. 
The samples used by these investigators were small castings and the 
fields employed were relatively intense so that it was not at first sight 


5 J. Kunz, Bull. Nat. Res. Council, 3, {3}, 165-213 (1922). 

® M. Ettisch, M. Polanyi and K. Weissenberg, Zeits. f. phys. Chem. 99, 332-338 
(1921). 

7W. P. Davey, J. Opt. Soc. Amer. R. S. I. 5, 479-493 (1921). 

8 R. M. Bozorth, Phys. Rev. (2) 23, 764 (1924). 

®K. Honda and K. Kido, Tohoku Univ. Sci. Rep. 9, 221-232 (1920). 
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obvious that magnetostriction in permalloy in weak fields should also 
change sign in this region. The results presented above, however, fully 
support the statement that high-nickel permalloy contracts, like nickel, 
and low nickel permalloy expands, like iron, in the direction of the applied 
field. The measurement of the effect of tension upon magnetization is, in 
fact, more convenient as an indicator of the sign of magnetostriction 
than is direct measurement. As far as our experiments go, the change in 
sign of magnetostriction occurs somewhere between 80 percent and 83 
percent of nickel. There is probably no point at which magnetostriction 
is entirely absent unless we limit consideration to some particular applied 
field, since, as Fig. 2 indicates, the sign of the effect of tension upon mag- 
netization in 81 percent nickel permalloy may change several times in 
the process of saturating the material. 


TABLE IV 


Hysteresis losses 








Material Tension (lb/in?) Maximum 4 Losses 
(ergs/cm/cycle) 


84% Ni; 16% Fe None 6100 300 
3460 2260* 120 


81% Ni; 19% Fe None 8320 350 
3580 8320 310 


78.5% Ni; 21.5% Fe None 9560 180 
3560 11000 80 


65% Ni; 35% Fe None 5300* 370 
7090 12400 160 


45% Ni; 55% Fe None 8500* 680 
3580 12900 830 


Silicon steel 14000 4500 
Soft iron 15000 6500 
Tungsten magnet steel 16000 275,000 
K. S. magnet steel 16000 900 , 000 











* Far from saturation. 


The low values of hysteresis loss here attained indicate to us that 
hysteresis is a secondary phenomenon not essential in an ideal ferromag- 
netic material. Although the narrowest hysteresis loops here plotted 
still show an appreciable aréa it should be noted that the scale chosen is 
such that the width of the loops is greatly exaggerated. How small the 
hysteresis has really become can best be shown by comparing the approxi- 
mate areas of hysteresis loops for various magnetic materials, including 
those here tested, some of which run nearly to saturation. Such a com- 
parison is given in Table IV. Since it is unreasonable to suppose that 
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any of the samples tested were perfectly homogeneous, it may well be 
that in small regions hysteresis completely disappeared in certain of the 
experiments. 

The generalizations which have been based upon the work of Weiss 
and others, who have studied the magnetization of large crystals of 
magnetite, phyrrotite, and silicon iron’ seem to us altogether too sweep- 
ing. In particular, the fact that practically complete magnetic saturation 
of randomly oriented crystals has here been obtained in low fields dis- 
proves the hypothesis that particular directions within any ferromagnetic 
crystal are the only ones in which magnetization is easy. This and other 
theoretical bearings of this work are discussed by McKeehan in a succeed- 
ing paper.!° 

The progress of this study has depended upon the cooperation of so 
many individuals that it will be impossible to make an acknowledgement 
of our indebtedness to all of them. It may be stated, however, that the 
preparation of the pure samples was conducted by Mr. H. T. Reeve, the 
x-ray examinations by Dr. R. M. Bozorth, and that the magnetic data 
were taken by Mr. P. P. Cioffi to whom also are due many of the experi- 
mental refinements which permitted accurate and rapid measurements 
under magnetically unfavorable conditions. 


BELL TELEPHONE LABORATORIES, INCORPORATED, 
New York, N. Y. 
April 3, 1925. 


10 L. W. McKeehan, following paper in this issue. 
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A CONTRIBUTION TO THE THEORY OF FERROMAGNETISM 
By L. W. McKEEHAN 


ABSTRACT 


Relation of permeability and hysteresis to atomic magnetostriction—In 
permalloy, as shown in the preceding paper, magnetostriction changes sign at 
about 81 percent Ni, hysteresis losses can be made vanishingly small near this 
composition, and these effects are not due to the special alignment of crystals. 
It is suggested that in every ferromagnetic material the process of magnetiza- 
tion involves (1) intra-atomic changes, presumably changes in the orientation 
of electron orbits, governed by quantum dynamics and independent of environ- 
ment; and (2) inter-atomic changes (stresses and strains). The inter-depend- 
ence of the inter-atomic changes and the intra-atomic changes is conveniently 
described as atomic magnetostriction. On this view, hysteresis loss and mag- 
netic hardness are due to the energy required to produce, in succession, the 
local deformations associated with changes in the magnetization of single 
atoms or small groups of atoms. High initial permeability and low hysteresis 
loss in permalloy are explained as resulting from locally compensatory atomic 
magnetostrictions of the nickel and iron atoms in small groups. The funda- 
mental differences in the magnetic behavior of Fe, Ni and Co are attributed 
to differences in their atomic magnetostrictions. Other differences are attri- 
buted to differences in the mechanical properties which alter the energy ex- 
pended when atomic magnetostriction takes place. 


“THE fact that certain nickel-iron alloys are much more easily magne- 

tized than either nickel or iron is not explained by any existing theory 
of ferromagnetism. Ewing’s suggestion, made many years ago, that soft 
annealed iron probably has less coercivity than any other magnetic sub- 
stance,! still appeared plausible until the announcement of the discovery 
of permalloy.? The explanation of permalloy demands, therefore, some 
revision of our ideas regarding ferromagnetism in general. 

From the very beginning, it has been evident that discontinuities of 
some kind had to be introduced into the explanation of ferromagnetism, 
so that it is here perhaps that the quantum theory should have had its 
most natural application. Delay in making such an application has 
occurred, it would seem, because hysteresis has been so conspicuous in 
ordinary magnetic materials that the reversible processes discussed by 
the quantum theory have been obviously unsuitable to explain all of the 
facts to be covered by an adequate theory. 


1 J. A. Ewing, Magnetic Induction in Iron and Other Metals, 3rd edition, 1900, p. 315. 
2H. D. Arnold and G. W. Elmen, J. Frank. Inst. 195, 621-632 (1923). 
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In seeking the cause for the inadequacy of the older theories it is neces- 
sary to discover where each of them introduced unwarranted hypotheses. 
A recent review*® makes comparison between the older theories particu- 
larly easy. It appears after a little study that none of them has taken 
sufficient notice of the fact that the medium, the behavior of which they 
attempt to describe, is really discontinuous. Some‘ of the theories are 
quite obviously faulty in this respect, introducing intrinsic fields of force 
to a greater or less extent, and thereby avoiding consideration of the 
physical basis of magnetic retentivity and hysteresis. Others® begin with 
the atoms but introduce what amounts to the assumption of a continuous 
medium when large groups of atoms are pictured as undergoing simul- 
taneously equal changes in magnetization. 

A theory free from the objection just raised has recently been proposed 
by Ewing‘ and is sufficiently physical in its basis to permit of experimental 
test. It demands considerable complexity within the ferromagnetic atom 
since it regards the principal ferromagnetic characteristics as all due to 
intra-atomic properties. It, too, suggests no reason for the peculiarities 
found in permalloy and, in fact, seems to deny the possibility of their 
occurrence, since in an alloy we would not expect to find the individual 
atoms more symmetrically surrounded by their neighbors than in a pure 
metal, and Ewing’s new theory makes a highly symmetrical enviroment 
of every atom essential to magnetic softness. 

Magnetostriction,’ the change in dimensions accompanying magnetiza- 
tion, has proven even more difficult to explain than ferromagnetism 
itself. No quantitative agreement has been reached between predictions 
based on theories of magnetostriction and the observed effects of mechani- 
cal stress upon magnetization. It should be noted that these theories also 
disregard the atomic structure of matter. 

Until a short time ago it was permissible to postulate within the ferro- 
magnetic atom almost any sort of mechanism which seemed necessary 
to the theorist. Now, however, that information is available in regard to 
the magnetic behavior of silver vapor’ and the paramagnetism of ions 
in solution® it appears that the atomic structures responsible for magnet- 

3E. M. Terry and J. Kunz, Bull. Nat. Res. Coun. 3, [3], 113-213 (1922). 

4 Theories of Weiss, Frivold, Gans, loc. cit.’ 

5 Theories of Ewing, Honda, Honda and Okubo, loc. cit.; cf. K. Honda, Dictionary 
of Applied Physics, 3, 515-526 (1922). 

6 J. A. Ewing, Proc. Roy. Soc. A100, 449-460 (1922). 

7S. R. Williams and S. L. Quimby, Bull. Nat. Res. Counc., 3, [3], 214-234 (1922). 

8 W. Gerlach and O. Stern, Zeits. f. Phys. 8, 110-111 (1921); 9, 349-352, 352-353 


(1922). 
® B. Cabrera, Journ. de Phys. (6), 3, 443-460 (1922). 
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ism cannot be very different from those already proposed to explain the 
emission and absorption of radiation.'!° The fact that ferromagnetism 
occurs in a very limited group of elements in the atomic series appears" 
to support the conclusions as to atomic structure derived by applications 
of the quantum theory to optical and x-ray emission and absorption 
spectra. If the arguments in favor of these structures are sound there is 
no place left within the ferromagnetic atoms for special mechanisms to 
account for magnetic hysteresis or other causes of energy dissipation on 
a large scale. 

It is the purpose of this paper to show how division of the problem of 
ferromagnetism into two parts, and the introduction of a suitable connect- 
ing link between these parts permits the construction of a simple theory 
adequate to explain the new experimental results and consistent with 
what we already know of atomic structures and atomic processes. 

The most natural possible division is that between processes which 
occur wholly within single atoms and processes which involve more 
than one atom, i.e., between intra-atomic and inter-atom'c processes. 

The first assumption will be that intra-atomic changes are governed 
by quantum dynamics, and in particular that the component, parallel 
to the applied field, of the magnetic moment of any individual atom 
changes abruptly, if at all. Such changes in the magnetization of an atom 
will occur, one after another, as the applied field is gradually raised to 
values which can supply the necessary energy. It need not here be con- 
sidered whether or not a very weak applied field will establish a single 
direction within the material, with respect to which the magnetic moment 
of every atom is spatially quantized. Neither is it important for the 
present purpose to decide whether or not the absolute value of the 
magnetic moment of an atom, or only the direction of its axis, undergoes 
abrupt changes. The essential thing implied by the first assumption is 
that the principal changes in magnetic moment parallel to the applied 
field are to be considered as abrupt and as spatially discrete. 

The second assumption will be that an abrupt change in the magnetiza- 
tion of an atom, of the sort just postulated, is accompanied by a change in 
that atom which is independent of the environment in which it may be 
placed.” This change affects the forces which the atom exerts upon its 

10 W. Gerlach, Phys. Zeits. 24, 275-277 (1923); P. S. Epstein, Science (2), 57, 532-533 
(1923); A. Sammerfeld, Phys. Zeits. 24, 360-364 (1923); Zeits. f. Phys. 19, 221-229 (1923). 

" R. Ladenburg, Zeits. f. Elektrochem. 26, 262-274 (1920); N. Bohr, Zeits. f. Phys. 9, 
1-67 (1922); L. W. McKeehan, J. Frank. Inst. 197, 583-601, 757-786 (1924). 

'* The logical necessity for assuming the change to be independent of the charac- 


teristics of neighboring atoms was pointed out by Professor P. Ebrenfest in a private 
discussion. 
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neighbors so that the body of which it is a part tends to change in dimen- 
sions. The nature of the changes in forces which take place may be in- 
ferred from the change in the over-all dimensions of measurable bodies 
consisting wholly of atoms of the kind considered. The atomic changes 
which must occur to explain gross magnetostriction will conveniently be 
designated as atomic magnetostriction. 

The third and final assumption is that magnetic hardness and hysteresis 
in measurable amount are due primarily to inter-atomic stresses set up 
by atomic magnetostriction, and therefore are dependent not only upon 
the type of atom which is magnetized but also upon the mechanical 
properties of the particular piece of metal of which it forms a part. In 
hard magnetic materials the changes involved in atomic magnetostriction 
meet great resistance and require the supply to the atoms, through the 
application of intense magnetic fields, of large amounts of energy. In 
soft magnetic materials the same changes meet little resistance and can 
therefore occur in weaker applied fields. 

Hysteresis is to be regarded as due to the shocks upon the structure 
resulting from the sudden changes of force between atoms involved in 
atomic magnetostriction. A part of the energy so emitted by the atom 
will be dissipated at once, appearing as heat. Another part will be stored 
temporarily as potential energy of local strains. If these strains are re- 
lieved by further magnetization their energy will also degenerate into 
heat. If not, a part of this energy will be available for demagnetizing 
the material when the applied field is diminished, thus being responsible 
for the difference between the values of saturation intensity and reman- 
ence in closed magnetic circuits. 

Externally applied agents, with the single exception of magnetic fields, 
must be supposed to act upon the magnetization of the individual atoms 
through their primary effect upon those inter-atomic forces which can 
also be set up or altered by atomic magnetostriction. Crystalline struc- 
ture, affecting as it does the distribution and magnitude of such forces in 
different directions, should have, in pure materials at least, a considerable 
effect upon magnetization in different directions. 

The cause of atomic magnetostriction is to be looked for in the changes 
of electronic arrangement which occur when the atom changes its mag- 
netization. Speculations have been made upon this phase of the subject 
but the details are unessential to the argument here presented. 

The magnetization of a pure metal, consistently with these assump- 
tions, may be pictured as follows. Slight inhomogeneity of conditions 


13 LL. W. McKeehan, loc. cit.!° 
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throughout the material will determine the spatial distribution of the 
atoms which change their magnetic states in a weak applied field. Further 
magnetization of the atoms originally affected, or of adjacent atoms of the 
same kind, will be hindered by the forces set up by atomic magnetostric- 
tion, i.e. the further increase of these forces against the elasticity of the 
material will require an increase in the applied field. The process at first 
proceeds, therefore, by the successive magnetization of widely distributed 
atoms. The distribution of these atoms, located at points where the un- 
favorable stresses are least, tends to become more uniform as the field is 
increased. Consideration of the unmagnetized atoms shows that at first 
the number of these which are similarly situated with respect to those 
already magnetized will increase, affording a supply of atoms capable of 
changing their magnetic states at about the same value of applied field 
in a later stage in the process. When this group is being magnetized the 
rate of increase in permeability reaches a maximum in what has recently 
been described as the leg" of the magnetization curve. It is in this stage 
of the process that the Barkhausen effect (noise of magnetization) is 
also a maximum." 

The remarkable ease with which permalloy may be magnetized is strik- 
ing evidence for the correctness of the. theory outlined in the preceding 
paragraphs. Nickel, as is well known, shortens when longitudinally 
magnetized, while iron, at least until it is almost completely saturated, 
lengthens under the same conditions. Their gross magnetostrictions being 
opposite in kind the second assumption demands that their atomic 
magnetostrictions also be opposite in kind, and that this difference 
persist in nickel-iron alloys. It is accordingly to be expected in these 
alloys that local stresses set up, for example, by the magnetization of a 
nickel atom will be partly relieved by magnetization of an adjacent iron 
atom, and vice versa. Magnetization in a properly proportioned alloy of 
this type should be able to spread continuously from any point where it 
begins and should require but little increase in the applied magnetic 
field to produce saturation. The proper proportion of nickel and iron 
should be about that at which gross magnetostriction vanishes.'* Hys- 
teresis should be much diminished by the simultaneous magnetization 
of small groups of nickel and iron atoms in such proportion that the 
changes in the forces exerted by the group upon its neighbors is a mini- 
mum. Such cooperative changes, requiring little energy, should be rela- 


4 V. Karapetoff, Science (2), 59, 440 (1924). 
6 E, P. T. Tyndall, Phys. Rev. (2), 24, 439-451 (1924). 
*°Q, E. Buckley and L. W. McKeehan, preceding paper in this issue. 
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tively probable, as compared with changes in the magnetization of single 
atoms. The remanence should be relatively great because no considerable 
unrelieved strains would ever exist during the process of magnetization. 
Since inter-atomic forces would be modified but little during the entire 
process, the effect of crystalline structure should be, as it is,"* unimportant 
in such a material. 

It will be observed that the fundamental differences in magnetic be- 
havior between the three ferromagnetic elements are here to be attributed 
to differences in their atomic magnetostrictions, and that the modifica- 
tions in the magnetic characteristics of a single element by alloying, heat- 
treating, or mechanical working are to be attributed to differences in the 
readiness with which local strains may be set up and relieved. That condi- 
tion of each magnetic material in which it is most difficult to produce the 
types of local strain associated with its atomic magnetostriction should 
be magnetically hardest. The close connection between magnetic and 
mechanical hardness is a strong argument in favor of the reality of atomic 
magnetostriction. 


BELL TELEPHONE LABORATORIES, INCORPORATED. 
New York, N. Y. 
April 3, 1925. 
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The Structure of Matter. J. A. CrANston.—Most of the books on the structure of 
matter which have appeared during the last few years are either popular books intended 
for the general public or strictly technical works intended primarily for physicists. 
This latest volume attempts to bridge the gap between these two sorts of books. It is 
written, in the editor’s phrase, “by a physical chemist for chemists” and is therefore 
non-mathematical. It should be useful not only to chemists but to beginners in physics, 
to secondary school science teachers, engineers and others prepared to follow a semi- 
technical discussion. 

The principal topics taken up are the determination of the charge and mass of the 
electron, radioactivity, the scattering of alpha particles and the nuclear theory of the 
atom, x-rays and crystal structure, atomic models, and Langmuir’s valency theory. 

The book is clearly written, up-to-date, and, so far as the reviewer can judge, accu- 
rate. The only adverse criticism which it arouses has to do with the question of emphasis 
and the choice of topics treated. No mention is made of photo-electricity, fluorescence, 
and band spectra. Ionizing potentials are introduced in one brief paragraph only to 
make connection with J. J. Thomson's atomic model. Ten brief pages are given up to the 
whole Bohr theory, while over fifty are devoted to the Lewis cubical atom and the 
Langmuir valency theory! These omissions would occasion little comment were it not 
for the suggestion in the preface that the material in this volume will suffice to bring the 
old-fashioned chemist up to date and the intimation of both author and editor that this 
is a review of the whole subject. Physicists will not be misled, but it seems unfortunate 
that chemists should be encouraged in this day and age to believe that they can get along 
very well in ignorance of the quantum theory and the experiments on which it is based.— 
196 pages, 70 figures. D. Van Nostrand Co., 1924. $4.50. E. C, KEMBLE, 


Die Kultur der Gegenwart; Physik. Edited by E. LecHEr.—The first edition of the 
volume on Physics in the series ‘‘Die Kultur der Gegenwart’”’ was edited by Professor 
Warburg and published in 1914. Its purpose was to provide a comprehensive account 
of the whole of Physics, to give a historical development of the fundamental ideas of 
each branch of the science leading to our present concepts, and to show the relations of 
the different branches to each other. This second edition, edited by Professor Lecher, 
has been thoroughly revised so as to give an account of the developments during the 
last ten years. 

The authoritative character of the work may be judged from the names of the 
contributors to the volume. Thus Wiechert writes on Mechanics, Auerbach on Acous- 
tics; the section on the Theory of Heat has contributions from Warburg, Holborn, 
Hemming, Jaeger, Hettner, W. Wien, Przibram, and Einstein; Electricity and Magnet- 
ism is treated by Richarz, Lecher, Lorentz, Gans, Gumlich, Braun, M. Wien, Starke, 
Kaufmann, Gehrke and Reichenheim, Elster and Geitel, and St. Meyer and Schweidler; 
Light and Spectroscopy by Wiener, Lummer, v. Rohr, Exner, Gehrke, Zeeman and 
Kramers; while a concluding section on general laws and points of view is written by 
Warburg, Hasenéhrl, Mache, Planck, Einstein and Voigt. 

The treatment throughout is almost entirely descriptive, in accordance with the 
object of the volume, with the least possible use of mathematical symbolism. It is not, 
of course, a book of reference for details. At the same time it is not a book for beginners. 
It would be an excellent book for study by first-year graduate students in our Univer- 
sities, covering, as it does, what candidates for the doctor’s degree should be expected to 
know of general Physics in its historical and philosophical aspects. There is a real need 
of a similar book in English, and a translation of this volume would undoubtedly fill 
a long-felt want.—Pp. viii+849. Teubner, Leipzig and Berlin. 1925. 36 Marks, 
bound. E. P. ADAMS. 
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MrinutEs of the PoRTLAND MEETING, June 19, 1925 


The 134th regular meeting of the American Physical Society was held 
in Portland, Oregon, at the Laboratory of Physics, Reed College, on 
Friday, June 19, in affiliation with the Pacific Division of the American 
Association for the Advancement of Science. The meeting of that Associa- 
tion included a research conference, Wednesday, June 17, and other 
meetings and excursions extending through Saturday, June 20. 

The session of the Physical Society consisted of twenty-four papers of 
which abstracts are given in the following pages. Numbers 15 and 16 
were presented by title. An Author Index will be found at the end. 

The attendance was about 100. 

D. L. WEBSTER 
Secretary, Pacific Coast Section. 


ABSTRACTS OF PAPERS 


1. Quantum theory of the number of beta-rays associated with scattered x-rays. 
G. E. M. Jauncey and O. K. DEFoE, Washington University, Saint Louis.—A. H. 
Compton and A. W. Simon (Phys. Rev. 25, 306, 1925) have recently measured the ratio 
of the number of recoil electron tracks to that of the photo-electron tracks in a Wilson 
cloud apparatus. For short wave-length x-rays the experimental ratio was found equal 
to o/r as predicted by the theory of Compton and Hubbard (Phys. Rev. 23, 439, 1924). 
For the long wave-lengths, however, the experimental ratio is distinctly smaller. In the 
present paper a correction factor is applied to ¢/r by taking into account the motion 
and the binding energy of the scattering electron in its Bohr orbit, as done by Jauncey 
(Phys. Rev. 25, 314, 1925), and also the minimum energy which the recoil electron must 
have in order to produce a visible track. Assuming a minimum energy of 630 volts for 
a recoil electron to produce a visible track, the correction factor for a primary wave-length 
of 0.71A is 0.36, thus making the theoretical value of the ratio of recoil to photo-electron 
tracks 0.097 as against an experimental ratio of 0.10. For other wave-lengths the agree- 
ment is equally good. 


2. X-rays scattered by molybdenum. P. A. Ross, Stanford University.—Using 
an ionization spectrometer and a standard water-cooled molybdenum Coolidge tube, the 
radiation scattered by the molybdenum cathode cup of the tube itself has been measured 
at 110° and 160° scattering angle. The shift of the modified line at 110° was .035+.002A. 
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The theoretical value is .0345A. At 160° the measured shift was .047+.002A and the 
computed value .0469A. The unmodified line was completely obscured by the intense 
fluorescent line coinciding with it and making any estimate of relative intensity im- 
possible. Radiation scattered from the glass was measured by slightly displacing the 
tube so that the line of slits just missed the cathode cup. The glass scattering was small 
compared with that by the cathode. Using a standard tungsten Coolidge tube and the 
same method of procedure the scattering of tungsten K radiation from molybdenum was 
observed. At 160° scattering angle the tungsten Ka line was shifted by .047+.001A. 
The ratio of intensity of modified to unmodified line was .10 but this was probably too 
low due to fluorescence of the thin coating of tungsten deposited on the cup. 


3. The ratio of intensity of the Compton lines. P. A. Ross, Stanford University. 
—The spectrograms of scattered x-rays taken by the writer alone and in collaboration 
with D. L. Webster have been studied by means of a photographic densitometer. This 
has permitted the determination of the intensity ratio of modified to unmodified line 
(see last column of Table) for various scattering materials and also more precise measure- 
ment of the magnitude of shift due to the more accurate determination of the center of 
gravity of the lines. 

Scattering Incident Scattering Shift Ratio of 
substance radiation angle (10-3A) intensities 
graphite Mo Ka 30°  - 0.2 

60° : , .95 

90° 
aluminum Mo Ka 90° 
aluminum Mo Kg 90° 
sulfur Mo Ka 90° 
copper Mo Ka 90° 
silver Mo Ka 90° 
lead Mo Ka 90° 


dO bh 
= > 
ND 


.29 
32 
21 


H+ I+ H+ I+ I+ I+ I 


0 
4 
.8 
0 


Nm Nw dS NY 
OO > 


0.024 


4. Spectrograms of tungsten K series rays scattered by graphite. M.C. MAGARIAN, 
Stanford University.—Spectrograms of tungsten K rays scattered by graphite were 
obtained showing the shifted and unshifted Ka lines. The shifted line was much more 
intense than the unshifted line. The shift in wave-length showed fair agreement, within 
the probable errors, with the theoretical value given by Compton's relation. For a 
measured scattering angle of 92°+2° this relation gives a change in wave-length of 
0.025 +.001A, whereas the measured change in wave-length was 0.027+.003A. The 
chief source of error came from the measurement of the separation between the shifted 
and unshifted lines on account of the faintness and lack of sharpness of the lines. The 
x-rays were obtained from a Coolidge tube with a mechanically rectified current of 
5 milli-amperes at 120,000 volts. The spectrometer consisted of a Seeman slit with a 
calcite crystal and ten photographic plates all of which were mounted on a base. 


5. Series spectra of By and Cm. I. S. Bowen and R. A. MILuiKan, California 
Institute of Technology.—By the methods previously reported in our development 
of hot-spark spectrometry, the following term values of By; have been determined: 
2S =194325.9; 3S =66665.1; 2P =120929.4; 3D =48410.3; 3s =72930.8; 4s =36655.5; 
2p1=165343.9; 2p2,3=165362.7; 3p,=59006.5; 3p2,3=59010.0; 3¢=52054.2; 4d= 
28640.4; 4f=27800.0; 5f=17795.7. The following term values of C111 have also been 
found: 2S=375463.1; 2P=273111.0; 3s=146197.2; 2p=331939.2; 3p,=124685.8; 
3p2 = 124698.6; 3p3 = 124704.1; 3d = 114387.2; 4f=62600. 


6. Series and multiplets in sulfur and chlorine. J. J. HopriELp, University of 
California.—Some time ago the author published some new sulfur series, (Nature 112, 
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437, 1923). These have been rechecked. The frequencies are given by the following 
equations: 

v =83554 —R/(n+1.05086 —0.13386/n+-0.05425/n?)?; n=1,2,... 

v = 83554 —R/(n+0.53341+1.06794/n —0.82152/n?)?;n=2,3,... 
The series’ head is indicated only for the highest members of the triplets. By the use 
of these series the unassigned lines of sulfur (Fowler’s Report, p. 170) have been arranged 
into series. The stronger members of these series lie in the infrared and have not been 
observed. Two multiplets whose shortest wave-lengths are 1381.60 and 1473.00 respec- 
tively have been found in sulfur. They each contain the fundamental triplet differences 
and are attributed to a two electron transition. Strikingly similar groups have been found 
in chlorine which has lost an electron (Phys. Rev. 23, 766, 1924). The shortest wave-- 
lengths of the triplets are 789.03, 834.83, 888.18, and that of the multiplet like the 1381 
group of sulfur is 1063.88. By analogy with Sy, the ionizing potential of Cly1 is pro- 
visionally calculated as 18.32 volts; hence that of Cl; is about 9.16 volts. 


7. The quantum analysis of new nitrogen bands in the ultraviolet. J. J. Hop 
FIELD and R. T. BirGE, University of California.—A group of strong bands, degraded to 
the red, extending from 1354 to 1854, appears in purified nitrogen, at 0.003mm pres- 
sure, arc discharge, using a long tube and flowing gas. The thirty observed bands (of 
which seventeen have previously been recorded by Lyman) have in general the cus- 
tomary intensity distribution and thus indicate definitely the correct assignment of 
vibrational quantum numbers. The resulting equation is v =68,956.6+(1681.45n’ — 
15.252’2) —(2345.16n’’ —14.445n’”), where n’ varies from 0 to 3 only, and n” from 0 to 9. 
The average (obs. —calc.) is 0.1A. Contrary to expectations, the progressions occurring 
in this formula have no relation to any other analyzed group of bands, so that the chem- 
ical origin of the group is not definitely known. The usual nitrogen groups occur with 
great intensity on the spectrograms, and there are also a number of additional new bands 
(or at least hazy lines) between A950 and 2100, but no consistent numerical relation- 
ships have as yet been found. Hence the hitherto assumed fundamental group of nitrogen 
bands in this region of the ultraviolet seems to be missing. 


8. The band spectra associated with carbon. RAYMOND T. BirGE, University of 
California.—Vibrational quantum numbers have, as far as possible, been assigned to 
all of the thirteen band groups associated with carbon, where such work has not already 
been done. It is found that the final states of the first negative group and of the comet- 
tail bands are identical, and both groups of bands are probably due to ionized CO. 
The intensity distribution in the comet-tail bands in a helium mixture, as observed 
by Merton and Johnson, is a low temperature distribution, in contrast with the high 
temperature distribution observed by Fowler and by Baldet. The high pressure CO 
bands have as a final state the initial state of the comet-tail bands, but more accurate 
measurements are needed for the former group. The triplet bands of Merton and Johnson 
have an intensity distribution similar to the comet-tail bands, and the final state may 
be the same as that of the third positive group, but the progression is too short to de- 
cide the question. The fourth positive group represents a remarkably slow initial 
vibration (500), and a very rapid final vibration (3000). No other new relations between 
progressions of these carbon groups or of others have been found. 


9. Emission from the Bunsen flame. Josern W. ELLis, University of California, 
Southern Branch.—Using a new self-registering infrared spectrograph with two quartz 
prisms in Littrow mounting, the 2.74 emission band of the Bunsen flame appears widely 
resolved with maxima at 2.58 and 2.76u. A weaker doublet at 1.79, 1.99 and a still weaker 
broad band at 1.40 appear. These regions of emission correspond in general to numerous 
weak maxima found by Paschen in 1894 who identified them all except the long wave- 
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length part of the first mentioned band with water vapor since they also occur in the 
oxyhydrogen flame. Barker’s assumption that the primary separation of the 2.7 carbon 
dioxide band is not a regular infrared doublet is here supported by the fact that a corre- 
sponding emission doublet would have a separation equal to that observed between the 
water vapor and carbon dioxide bands in this region. Calculation of the bunsen flame 
temperature from Barker's 4.4 emission and absorption doublet gives a value consistent 
with measurements. 


10. Secondary standards of wave-length in the spectra of neon andiron. GEORGE S. 
Monk, University of Chicago.—A comparison has been made by the use of the inter- 
ference spectrograph, of the wave-length of the primary standard obtained from a 
Michelson H-tube, an arc in vacuo, and a modified and brilliant form of tube. 
The results show the wave-length to be the same for all. Several neon lines 
recommended by the International Astronomical Union were compared with the 
primary standard from the new tube, giving a result of 6438.4696 +0.0003A for the 
primary standard, verifying the values of the chosen neon lines. Compilation of the re- 
sults of nearly fifty observations show that the recommended values of two lines, 5852 
and 5881, are questionable. In the spectrum of the standard ion arc, 110 lines have been 
compared with the spectrum of neon. While for lines shorter than 6000A the results 
agree well with the last observations of the Bureau of Standards, in the red they are 
about 0.002A lower. The values obtained for all the } lines are systematically lower 
for the Pfund arc than for the Bureau of Standards arc. Observational work done thus 
far on the vacuum iron arc leads to the belief that the adopted system of standards 
should be based on the arc at atmospheric pressure. 


11. The ionization of nitrogen as interpreted by positive ray analysis. T. R. HOGNESS 
and E. G. Lunn, University of California.—The previously described method for the 
positive ray analysis of the products of electron-impact ionization of gases has been 
applied to nitrogen. Study of the relative intensities of the ions N2*+, N* and N**+ asa 
function of pressure gives evidence that in the ionization of nitrogen the primary 
process is the formation of N,*. The processes of ionization in nitrogen are thus analo- 
gous to those in hydrogen found by Dempster (Phil. Mag. 31, 438, 1916; Phys. Rev. 8, 
651, 1916) and confirmed by Smyth (Phys. Rev. 25, 452, 1925) and by the authors 
(Phys. Rev. 25, 718, and 26, 45, 1925). The above conclusions are discussed in the 
light of the results of Smyth (Proc. Roy. Soc. 104A, 121, 1924, etc.) 


12. The energy of combination of gaseous ions. J. H. HILDEBRAND, University of 
California.—The energy of combination of the gaseous ions of the alkali metals with 
the gaseous halide ions to form the solid halides have been calculated from the best 
available thermochemical and spectroscopic data. The values for the larger ions are 
about the same, approximately 165 kg cal., but they increase as the ions get smaller, 
becoming 233 with lithium fluoride. The figures approximate those of Born and Landé, 
although their assumptions are rejected in the light of criticisms by Latimer. The 
high values for the smaller ions are in harmony with their closer approach and greater 
contraction as shown from lattice constants. The affinity of a positive for a negative 
ion is related to but greater than its affinity for an electron; this explains the instability 
of monohalides of the alkaline earth metals with respect to metal and bihalide, in spite 
of the fact that the second ionization potentials of these metals are much greater than 
the first. The high energy values for the smail ions likewise explain the abnormally 
high stability of compounds between the elements of low atomic number, many of which 
are not in harmony with familiar electrochemical criteria such as the “replacement 
series,”” 
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13. Organic absorption media as color screens in the ultraviolet. THos. M. Daum, 
University of Idaho.—Ultraviolet absorption spectra of aqueous solutions of organic 
compounds frequently show very broad deep bands on the edges of which the absorption 
coefficient x approximates the curvex = x,e*”—”), If such adjustment of concentration or 
of length of cell is made that the transmission IJ/I (=e7**) has a value less than e~ 
for a spectrum line, the transmission of nearby lines will fall off more rapidly than « 
rises. The “gradation constant” a=(1/x) (dx/dvy=d(log x)/dy= —d(log c)/dv. A geo- 
metrical series of decreasing concentrations will shift a given transmission from line to 
line in arithmetical series of frequencies; the medium can be used at any point in the 
range vy —» by proper choice of c or x; a choice of media can be made by comparing “‘gra- 
dation constants.”’ Values of a have been found so large that adjacent strong lines of the 
mercury spectrum may be transmitted with 20 percent and less than 0.2 percent of the 
unabsorbed valued. Many substances transmit a characteristic high frequency band 
between b oad absorption bands. 


14. Measurement of the light scattering coefficient of some saturated vapors. Scott 
EwI1noG, University of California.—This investigation is an attempt to verify the theory 
of light scattering by measuring the scattering coefficient and comparing it with the 
theoretical value which can be calculated from a knowledge of the compressibility and 
refractive index of the medium and the wave-length of the incident light. The saturated 
vapors of ether, benzol, chloroform, ethyl alcohol and methyl alcohol were used as 
scattering media. The effective wave-length of the incident light was calculated by meas- 
uring the effectiveness of the different wave-lengths of the source (a locomotive headlight) 
in blackening a photographic plate, and assuming that the scattering coefficient varies 
inversely as the fourth power of the wave-length, which is true except for the small effect 
of dispersion. The scattering coefficient was measured by making a photographic com- 
parison of the intensity of the light scattered at right angles, with the incident intensity. 
The results agree with the theory within the limits of experimental error. The data may 
be used to make an estimate of the number of molecules per cubic centimeter and the result 
obtained is (2.68+.04) x10". 


15. The reflecting powers of elements in the ultraviolet and the photo-electric 
thresholds. RicHARD HAMER, University of Pittsburgh.—A comparison of the curves 
showing the reflecting power of different elements for different wave-lengths in the 
ultraviolet observed by E. O. Hulburt and of the reflection coefficients at different 
wave-lengths recorded in the Landolt-Bornstein tables 1923 with the observed photo- 
electric thresholds, reveals that there is a change in the reflecting power at a wave- 
length which coincides approximately with the threshold. This change of slope is 
sometimes quite marked and generally indicates that the reflecting power for shorter 
wave-lengths is decreased at this point. This indicates that energy is taken from the 
incident radiation and assists in bringing about release of photo-electrons from quan- 
tised orbits. Electrons in metals are not free but bound. In the following summarized 
examples the order of comparison is, approximate wave-length of change observed by 
Hulburt (H) or Hagen and Rubens (HR), the nearest observed threshold Ao in brackets, 
and the author’s predicted Ao which equals the ionizing energy for some critical orbit I(x): 
Cu (H) 3150, (HR) 2880, (3000), I (261) 3175; Ag, (H) 3383, (3390+ 60), I (2p2) 3383; 
Au, (H) 3010, (Meyer) 3010, (approx. 2850), I (26:) 3010; Mg (H) 3750, (HR) 3800, 
(3820), I (2P) 3750; Zn, (H) 3076, (Meyer) 3076, (3016), I (2P) 3450; Al, (H) 3400, 
(3595 + 100); Sn, (H) 3200, (3185 +55); Ni, (H) 3100, (HR) 2880, (3050+50); Pt, (H) 
2900, (HR) 2749, (2780 —35); Pb, (H) 3650, (3650); Sb (H) 3075, (3075); Bi, (H) 3068, 
(2980 +50); W (H) 2635, (2615 +30); Se (H) 2460, (2670435); Fe 2850, (2870+40); 
Pd 2870, (approx. 2850). 
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16: ‘‘Raies ultimes” and photo-electric thresholds. RICHARD HAMER, University 
of Pittsburgh.—A comparative study of the energy values of the “‘raies ultimes’’ and 
the photo-electric thresholds as summarized in the following table points to the general 
rule that the photo-electric threshold (column 5) equals the difference between the 
ionization potential (column 4) and the energy (column 3) of a prominent “‘raie ultime”’ 
(column 2). On this basis the author is able to predict the ionization potentials and the 
corresponding terms or the thresholds for certain elements. 


Element Wave-length Energy Ionization Threshold Series term 
Cu 3247 A .80 v. 3.89 v. 4.11v. Tey) 
Ag 3281 .76 .64+ .07 T(2p,) 
Au 2428 .08 33 ? I (2p) 

2852 2 Tp) 
4227 .08 + .16 Iep) 
2138 .60 + .08 Tap) 
2288 43 Tap) 
3961 .58 Tas) 
5350 .56+ .08 Ts) 
2479 .72+ .06 reer 
3262 ‘ .87+ .07 
4058 3. 4. .14+.07 
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17. On the thermo-electric properties of pure metals and alloys. A. E. CAswELL, 
University of Oregon.—Analyzing data used in the preparation of the International 
Critical Tables, the author shows that the thermo-e.m.f. between a compressed metal 
and the same metal when uncompressed, can generally be represented by an equation of 
the form E=apt(1+dp) (1+ct). Exceptions are aluminum, iron and tin. Apparently 
aluminum undergoes a quasi-allotropic modification under pressures in excess of 6500 
kg/cm?. The effect of pressure upon the concentration of free electrons in a metal is 
discussed. Changes in their thermo-electric properties as metals pass from the solid into 
the liquid are examined and deductions drawn therefrom on the basis of electron theory. 
The author also shows that in certain cases it is possible to predict the thermo-electric 
properties of an alloy from those of its constituents, especially when the pure metals 
unite in definite proportions, e.g. Ag-Pd alloys. 


18. Parasitic thermo-electric forces in homogeneous metals due to a changing 
temperature gradient. E.D. McALisTER, University of Oregon (introduced by W. P. 
Boynton).—When the ends of an apparently homogeneous wire are attached to a gal- 
vanometer and a Bunsen flame is used to heat a section of the wire to incandescence, 
no deflection is observed, unless the wire has been maltreated mechanically or is a non- 
homogeneous alloy. However, when the glowing part is caused to move along the wire 
by moving the flame, a current is observed to flow (large in the case of Fe and Ni), and 
the direction of the current is reversed when the direction of motion of the glowing part 
is reversed. Data on a considerable number of substances are presented and the relation 
to electron theory discussed. 


19. Thermo-electric effects due to mechanical treatment; Benediks effect. 
L. J. NEUMAN, University of Oregon (introduced by Professor W. P. Boynton).—The 
end or central sections of annealed wires of Fe, Cu, Ni, Pb, Al, constantan, german silver, 
brass, nichrome, fuse wire and manganin were rolled, thus altering the crystalline struc- 
ture. Thermo-electric powers as high as 2.6 microvolts per degree were obtained between 
the rolled and unrolled sections. The sign of the e.m.f. was not the same for different 
metals. Several experiments were carried out for each metal, all of which gave consistent 
results. In some cases the temperature vs. e.m.f. curve takes the form of a parabola. 
The e.m.f. from such a junction changes markedly with the amount of rolling and in 
some cases finally reached a maximum value and decreased. The influence of the length 
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of the transition section between the original and rolled portions has been studied but 
no consistent results secured. In all of this work pressure and soldered joints were 
eliminated because in many cases such contacts were found to produce e.m.fs. of con- 
siderable magnitude. In some instances the thermo-electric properties produced by 
rolling are not completely eliminated by re-annealing the specimen. This seems to 
indicate the presence of a Benedicks effect; however results so far obtained are not 
sufficiently consistent to warrant definite conclusions. 


20. Thermal conductivity of some metals at high temperatures. M. F. ANGELL, 
University of Idaho.—A continuation of some work done several years ago. The metal 
in form of a long hollow cylinder is heated electrically by a heavy current sent through 
it, the heat flow midway between the ends being assumed radial. The heat flow is cal- 
culated from resistance and current at a steady state. Temperatures are taken midway 
between the ends, upon the axis of the cylinder and at the surface, and thus the thermal 
conductivity determined. As temperatures inside and out differ only a few degrees and 
as the bar may be held at any temperature, complete curves are obtained for thermal 
conductivity from 50°C to the melting point. Data are given for aluminum, copper, 
nickel, and zinc. 


21. Extension of bar method of measuring specific heat. Marcus O’Day, Uni- 
versity of California.—Measurements of thermal and electrical properties of metals to 
be of theoretical value should all be made on the same sample under similar conditions 
or else all on single crystals. By sending a heavy current of proper magnitude through a 
bar whose ends are kept at zero temperature, electrical and thermal conductivities, their 
coefficients, and the Thomson effect can all be measured. By use of a double poten- 
tiometer, the thermo-electric power of the sample against the copper wire of the thermo- 
couples can be measured. If the temperature of the middle of the bar is taken before the 
steady state is reached, the diffusivity is equal to [(2L)*/x*t] log [6m/(@_—8)] and the 
specific heat is equal to .00299z?J*Rt/M@mlog[@m/(8m_—0)] where 2L=length, R=re- 
sistance, M = mass of bar, #_=temperature of middle at anytime ¢ measured from moment 
circuit is closed, 0, = value of @ in the steady state, and J is proper value of current to 
compensate for heat loss. No difficulty attends the measurement of these quantities 
but appreciable error is introduced if the temperature of the ends changes. Corrections 
for this together with results of measurements of the above effects now in progress on 
Sn, Sb, and Zn will be published shortly. 


22. Design of an acoustic oscillograph. S. H. ANDERSON, University of Wash- 
ington.—An instrument has been designed of a purely mechanical type in which only 
the natural frequencies of the diaphram on which the sound waves impinge need to be 
considered in the calibration, and hence a comparatively simple calibration curve is 
obtained. Diaphrams of mica, clamped at the edge, have been found to be the most 
satisfactory. In the investigation previously reported, the natural frequency of the 
first mode of vibration of diaphrams 5 cm in diameter seemed to be nearly independent 
of the thickness. Further work with carefully selected samples of different diameters 
and thickness shows that for a given diameter the natural frequency is a linear function 
of the thickness. Assuming Kennelly’s equation 21m = +/s/m, the stiffness coefficient s 
is found to vary directly as the square of the thickness. The natural frequency is also a 
function of the diameter, increasing rapidly with a decrease of diameter. From this work 
it will be possible to predict the dimensions of a diaphram for any specified frequency, 
It is desirable to select a diaphram whose natural frequency is higher than that of any 
vibromotive force applied. 


23. The effect of reverberation upon the quality of speech. VERN O. KNUDSEN, 
University of California, Southern Branch.—Speech articulation tests are being con- 
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ducted to determine the improvement in the quality of speech in auditoriums as a result 
of reducing the reverberation. The results obtained in several auditoriums, having 
approximately the same volumes and shapes but different times of reverberation, are 
tabulated below. The percentage articulation in each case, given in last three columns, 
is the average of observations made at essentially all parts of the auditorium. 
Auditorium Volume Reverb. Word art. Vowel art. Consonant art. 
A 320,000ft® 7.5 sec. 44.0 88.0 65.4 
B 280,000 : 56.3 92.0 73.0 
Cc 310,000 . 64.5 97.0 79.0 
B (corr.) 280,000 i 82.2 99.8 88.5 
D 270,000 P 84.8 99.6 91.7 
Tests in a room having a volume of 4096 ft* and a variable reverberation, controlled 
by bringing in different amounts of hairfelt, show that as the time of reverberation was 
reduced from 5.01 sec. to 0.60 sec., the word, vowel and consonant articulations in- 
creased, almost uniformly, from 51, 94 and 71 percent to 92, 99 and 96.5 percent re- 


spectively. 


24. An anomalous sound absorption coefficient. S. H. ANDERSON, University of 
Washington.—The time of reverberation of sound in the auditorium of Anderson Hall 
(new Forestry Building) was found to be 70 percent of that required by the simple 
Sabine equation. The construction materials being the same as in rooms where the equa- 
tion holds, an explanation was sought in the type of construction. The ceiling is sup- 
ported by five steel trusses encased in wood, the crown of each truss being 16 feet below 
the peak of the ceiling. The apparent coefficient of absorption of the wood covering the 
trusses, computed from the observed time of reverberation, was found to be 0.114, 
while the accepted value is 0.061. A reasonable explanation is that the mean free path 
of the sound waves is less and the number of reflections per second greater than in a 
simple room of the same volume, as the low hanging trusses divide the upper part of the 
room into six compartments. Sabine’s exact equation ¢t = (p/v)(1/a)log|[(p/v)(A /aVE)), 
shows that ¢ is a function of p/v, the number of reflections per second. 
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